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ABSTRACT 
Rational drilling control parameters to reduce respirable dust during roof bolting operations 
Hua Jiang 
Roof bolting has been the primary means to improve mine safety in the aspect of preventing 
different types of roof falls in underground mines.  However, based on the published researches, 
underground roof bolting operators exhibit a continued risk for overexposure to high levels of 
respirable coal and crystalline silica dust from the roof drilling operation.  Inhaling these dust can 
cause coal workers’ pneumoconiosis (CWP), also known as black lung.  Another job-related lung 
disease silicosis, a disabling and even fatal and irreversible illness, could be developed through 
overexposure to quartz-laden dust.  A recent NIOSH research shows that the quartz content in the 
total roof bolting dust can be as much as 50% and 20% of them are 5 µm or smaller in size.  Dust 
in this size range is even fatal because the chance for them to reach the gas-exchange region of the 
lung and being deposited increased dramatically.  Therefore, rock drilling in roof bolting operation 
could be the major quartz source for causing silicosis to this group of underground miners.  Even 
with engineering controls and federal regulations in place, new cases of black lung and silicosis 
continued to be reported and seen in young miners.   
This research is focused on the development of controlled drilling technique for roof bolt 
drilling dust reduction purpose.  It can be an important approach to reduce the harmful dust from 
its generation source.  Different from conventional passive engineering controls, this approach is 
a proactive one that can cut down the generation of harmful dust from its source. 
A bolt-hole drilling mechanical model, as an analytical tool to identify the most influential 
drilling parameters to the energy consumption and dust generation was developed.  Laboratory 
drilling tests were conducted to validate the mechanical model and the dust samples were collected 
and analyzed to investigate the relationship between the cumulated respirable dust productions 
with different drilling bite depths.  The effect of bit wear, bit size and rock material on dust 
generation and energy consumption was evaluated as well.  The generated respirable dust was 
mainly collected by the pre-cleaner and dust-bag.  
  The effect of drilling bite depth on energy and dust generation was analyzed for all the 
tests.  An exponentially decreasing trend was observed between drilling specific energy and bite 
depth.  While the dust generation characteristics showed a considerable reduction in both inhalable 
and respirable dust generation rate when increasing bite depth from 0.15 to 0.60 cm/rev (0.059 to 
0.236 in/rev).   
An integrated drilling control algorithm for respirable dust reduction, operation safety, as 
well as energy conservation was developed based on the test results.  This algorithm is able to 
determine the rational bite depth range by monitoring the drilling specific energy in real time.  
When drilling a particular rock at its optimum bite depth, the energy efficiency is highest, the 
generation rate of fine dust is maintained at a lower level, the chances of bit clogging is greatly 
reduced and steel buckling is prevented.  This algorithm can be incorporated into the existing drill 
control unit on roof bolters.  As this developed drilling control algorithm does not sacrifice 
productivity or need extra labor to achieve its dust reduction goal, it can also benefit the industry 
economically while improving the occupational health and safety condition. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Roof bolting is regarded as one of the most significant developments in the field of coal 
mine ground control during the last century and serve as a universal primary roof support method 
in modern coal industries (Mark, 2002).  It is a key to mine safety and has dramatically reduced 
the number of roof fall accidents.  However, in roof bolting operations, the drilling of bolt holes 
can produce both coal and quartz-rich respirable dust.  The fine dust generated during the bolt-
hole drilling could present serious health problems to the miners involved in roof bolting 
operations as well as other mining activities (Goodman and Organiscak, 2002).  Overexposure to 
respirable coal dust can cause coal workers’ pneumoconiosis (CWP), also known as black lung.  
Another job-related lung disease silicosis, a disabling, irreversible and even fatal illness, could be 
developed through exposure to excessive quartz-laden dust.  The Bureau of Mines had identified 
silicosis as a major hazard for metal miners as early as 1971 (Rosner and Markowitz, 1991).  The 
International Labor Office (ILO) has published a series of guidelines to classify chest radiographs 
of occupational pneumoconiosis since 1950 to standardize classification methods and facilitate 
international comparisons of data.  In the 2011 revised edition, four categories and 12 ordered 
subcategories are defined by the standard radiographs, as shown in Figure 1.1, based on the 
characteristics of the opacities (ILO, 2011). 
Figure 1.1 ILO standard categories for occupational pneumoconiosis (ILO, 2011) 
Increasing profusion of small opacities 
Categories 0  1  2  3 
0/-  0/0  0/1    1/0  1/1  1/2    2/1  2/2  2/3    3/2  3/3  3/+ 
2 
Based on MSHA complete quartz dataset during the period from 1986 to 2016 (MSHA, 
2017), a bar graph generated is shown in Figure 1.2.  It shows a comparison of the average 
respirable dust concentration in the past four decades between three main operation areas in 
underground coal mines: the longwall face, the continuous miner face, and the roof bolting.  It 
shows a decreasing trend for total dust concentration in all three areas.  Throughout the decades, 
the dust concentration was highest at longwall face and the lowest at roof bolter area.  From the 
1980s to 2000s, the average dust concentration at longwall face is in the range from 1.5 mg/m3 to 
1.7 mg/m3.  A significant drop of dust concentration was found in the recent decade, the average 
dust level in continuous miner face and roof bolter area dropped to below 1 mg/m3 in the 2010s. 
Figure 1.2 The average respirable dust concentration in underground mining area from 1986 to 2016 
The average quartz percentage in the total respirable dust at three different working areas 
were plotted in Figure 1.3.  The dust concentration in the ‘80s in this figure was not shown because 
there are inadequate roof bolter area quartz samples analyzed during this period.  The average 
quartz percentage of the respirable dust in roof bolter area has reduced from 8.6% to 5.8% from 



































working areas.  In 2010s, the average quartz percentage in the respirable dust in roof bolter area is 
5.8%, and for longwall face and continuous miner face they are 3.8 and 4.5%, respectively.  
Therefore, although the average dust concentration in roof bolter area is the lowest, it contains the 
highest respirable quartz content which makes it most concerning in respect to occupational lung 
disease.   
 
Figure 1.3 The average quartz percentage in respirable dust in underground mining area from 1986 to 2016 
Based on data from Figures 1.2 and 1.3, the quartz exposure data can be obtained by 
multiply the average dust concentration to the average quartz percentage.  Over decades, the quartz 
exposure at longwall face decreased from 67.3 to 41.1 μg/m3 and for roof bolter area it dropped 
from 102.8 to 42.3 μg/m3.  Even though the overall dust concentration at roof bolter area is not the 
highest, but due to its complex drilling media, the quartz exposure at roof bolter area are still higher 
than longwall face.  In addition, consider the bolter operator approximation to the drilling hole and 
limited personal protection equipment, it is still a big concern from the health aspect.   
The US Bureau of Mines also realized the need for dust control when drilling roof-bolt 



































contain an average of 31% free quartz, with a typical value of 26% in shale and 55% in sandstone 
(Westfield et al., 1951).  Six years later, it was reported that 35% of underground coal mine 
employed dry dust collectors, 8% of mines employed water to allay dust and nearly half employed 
no means of dust control other than respirators (Coal Age, 1957).  The reason why only a few 
mines employ wet drilling is that the miners considered the roof bolting operation as a sloppy and 
disagreeable task.  Other miners working under no dust control measures are not aware and can’t 
visualize the silicosis hazard at that time.  They thought that the dust control adds time and cost to 
the bolting and often delays the mining cycle (Auchmuty and Summers, 1954).  
Followed by the introduction of roof bolting machines in the early 1950s, J. H. Fletcher 
and Co. developed the first “through the hollow drill rod” vacuum dust collection system during 
the latter 1950s which allowed the cuttings to be simultaneously vacuumed as the operator was 
drilling (William, 1992).  Nowadays, it has been the norm throughout the US mining industry.  A 
most typical dry vacuum dust collection system used today is shown in Figure 4 (J.H. Fletcher, 
2010).  A vacuum blower in the back of the circuit creates negative pressure which draws the 
cuttings from the drill head through the hollow drill bit and steel.  Then all the materials are 
directed through a cyclone process in a unit called pre-cleaner as shown in the left of Figure 1.5, 
which is intended to remove large non-airborne particles and discharge this fraction onto the mine 
floor so that the materials to be handled by the subsequent dust collection units can be greatly 
reduced.  After passing through the pre-cleaner, the air enters a series of filtration system in the 
dust box (right in Figure 1.5).   In the box, the air first enters a dust-bag and then vacuumed into a 




Figure 1.4 A typical dry vacuum dust collection system components and circuit (J.H. Fletcher, 2010) 
   
Figure 1.5 The pre-cleaner (left) and three subsequent dust collection steps in dust box (right) 
Though most roof bolting machines are equipped with dust collector unit to remove dust 
during drilling (30 CFR Part 33, 2016), a good amount of dust, especially respirable dust, could 
escape from the dust collector unit and enters the mine atmosphere for various reasons.  The 
escaped dust are very likely to exposed to the miners involved in the roof bolt operations.  One of 
the main factors for respirable dust to enter the mine atmosphere is the pre-cleaner’s low efficiency 
in the particle separation.  It is found that the discharged drilling cuttings from the pre-cleaner 
cyclone still contain a substantial amount of airborne and respirable dust that could be re-
suspended under certain conditions.  In addition, to maintain the effectiveness of the roof bolter 
dust collection system requires the periodic cleaning of dust deposited in the dust box.  The task 
6 
 
of cleaning the accumulated dust potentially exposes miners due to the proximity of the miner’s 
face to the dust, and the possibility of dust adhering to the miner’s clothing (Goodman and 
Organiscak, 2003).  The dust-bag has been shown to be useful in reducing the dust overexposure 
during maintenance and cleaning the collector box (Listak, 2008).  
In addition, NIOSH researcher also found that the operation of the roof bolter downwind 
from an operating continuous mining (CM) machine is the predominant source of airborne dust 
for bolter operators.  By utilizing a flooded-bed scrubber on the CM, substantial reductions in dust 
levels at the downwind bolter were observed from two in-mine tests.  The observed dust level 
reduced from 5.65 to 0.94 mg/m3 in the first mine and reduced from 12.26 to 6.06 mg/m3 in the 
second mine (Colinet, 2011).   
A NIOSH research assessed the dust hazard during the roof bolting operation by a roof 
bolter with an on-board vacuum dust collection system.  The quantified results confirmed that the 
quartz content in the total roof bolting dust can be as much as 57.8%, and more than 48.4% of 
them can be respirable, 20% are under 5 µm in size (Joy, 2010).  Because quartz dust is about 20 
times more toxic to the lung than coal dust, a roof bolter operator exposed to a high level of quartz 
dust could develop silicosis in as little as three years (MSHA, 2014).  Federal Coal Mine Health 
and Safety Act of 1969 first included specific procedures for the development of improved 
mandatory health and safety standards and regulated miners’ exposure to coal mine dust and 
established the 2.0 mg/m3 respirable dust limit.  Studies confirmed a beneficial impact of the first 
25 years after the Act established on the prevalence and severity of coal worker’s pneumoconiosis 
in US coal mines (Vallyathan, 2011).  However, with federal regulations in place and best practices, 
new cases of black lung continue to be reported and seen in young miners (United States 
Department of Labor, 2014).  The fatality due to coal worker’s pneumoconiosis during the year of 
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1968 to 2014 were plotted in Figure 1.6.  During the first 12 years of the 1969 Act, the CWP 
fatality number went up and down because of the incubation period of CWP.  After 1982 in which 
a peak of CWP fatality was recorded, the trend continues to decline and fatality dropped from more 
than 2000 to around 360 in recent years which significantly outnumber the fatalities by all mine 
accidents.  The black lung cases also show localization characteristics as shown in Figure 1.7, that 
more than 69.3% of black lung claims filed were in 5 states in the central and northern Appalachian 
coal fields.  Among them, Pennsylvania and West Virginia ranked top 1 and 2, respectively and 
accounted for more than 38.4% of total claims.   
 
Figure 1.6 Number of deaths due to coal worker’s pneumoconiosis during calendar year 1968-2014 
As previous studies suggested, the need for further reductions in dust standard is still 
necessary (Joy, 2012).  MSHA’s effort to reduce exposure to respirable dust has increased 
dramatically since 2014.  They have enhanced the standard of miners’ exposure to respirable dust.  























Figure 1.7 Distributions of part C black lung claims by state 1973-2015 
As of August 1, 2016, the average concentration of respirable dust and respirable quartz 
dust in the active working area during each shift should be continuously maintained at or below 
1.5 mg/m3 and 100 μg/m3.  Within 200 ft outby the working faces in the intake airways, the average 
concentration of respirable dust should be continuously maintained at or below 0.5 mg/m3.   
In brief, MSHA has lowered the concentration limit for respirable coal dust from 2.0 mg/m3 
to 1.5 mg/m3 in the coal mine atmosphere during a working shift and established a quartz dust 
limit of 0.1 mg/m3(Federal Register, 2014).  To meet these new regulations, roof bolting workers 
may experience difficulty achieving compliance.  Evidence was shown in Table 1.1, for respirable 
coal dust, the original percentage of the over-regulated sample under old regulation is 6.3%, this 
case becomes even worse for respirable quartz dust, that more than 1/5 in the total sample are over-
regulated (Beck, 2015).  The analysis of more than 74,000 roof bolter occupation dust samples 
collected for the years 1997-2012 by MSHA inspectors shows the percentage of excessive 
exposure under new MSHA dust standard is even more at 8.1%.  For the nearly 14,000 MSHA 






























respirable quartz dust standard (MSHA, 2013).  Therefore, enhancing the dust control for roof bolt 
drilling operation is desirable and necessary.   
Table 1.1   Roof bolter occupational respirable dust and quartz exposures 
MSHA Inspector Roof Bolter Occupations Samples 
 Respirable Coal Dust Respirable Quartz 
Sample year 1999-2008 
Under Old Regulation 
Sample Number % over 2.0 mg/m3 Sample Number % over 0.1 mg/m3 
50,072 6.3% 9,624 21.5% 
Sample year 1997-2012 
Under New Regulation 
Sample Number % over 1.5 mg/m3 Sample Number % over 0.1 mg/m3 
74,000 8.1% 14,000 22.5% 
According to previous research, drilling roof bolt holes in an underground mine is subject 
to many variables that can affect both drilling efficiency and dust generation.  Some of these 
variables are uncontrollable while the other variables (e.g., drill steel, drill bit, drilling dynamic 
parameters such as applied thrust and torque, achieved penetration and rotational rates), can be 
controlled by the bolter operators.  Previous researches conducted for roof geology mapping and 
drilling noise reduction (Luo, et al., 2004 and Li, 2015) has shown that proper drilling control to 
achieve a reasonably higher bite depth (i.e., penetration per rotation of drill bit) is most desirable.  
These results show an inverse relationship between specific energy of drilling (the required energy 
to break one unit volume of rock) and bite depth.  The same relationship was found between noise 
dose (measured sound exposure normalized to an 8-hr working period) and bite depth as well (Luo, 
et al. 2014).  Since less specific energy represents higher drilling efficiency, and the generation of 
fine dust consumes additional energy which will lower down the efficiency.  Therefore, it is 
reasonable to assume less energy will be wasted on over-breaking the rock.  Consequently, the 
purpose of reducing quartz-rich respirable dust from its generation source, bolt-hole drilling can 
be achieved by controlling the drilling parameters. 
10 
 
Although, as discussed, drilling with higher bite depth may have benefits on noise and dust 
control perspective, meanwhile higher bite depth can result in shorter drilling time and higher 
productivity.  But in most circumstances, too much bite depth can actually have a detrimental 
effect on the roof drill safety and performance (Cotton, 2015).  As shown by the definition of bite 
depth, lower rotation rate and higher penetration rate can result in higher bite depth.  It is good 
practice to reduce the rotation rate in order to reduce the potential for accidental whipping of long 
unrestrained steel.  Drilling with a higher penetration rate, bit or steel clogging could become more 
likely to occur.  Clogged bit or steel creates a burst of dust backward out of the hole instead of 
going into the dust collection system and this burst of dust exposes the operator to a tremendous 
amount of respirable dust.  In addition, in order to reach a higher penetration rate, the operator 
needs to increase the drilling thrust and the excessive thrust on drill steel can bend the steel and 
possibly leading to buckling failure of drill steels.  Therefore, simply increasing the penetration 
rate to achieve a higher bite depth would not benefit the operation, but create an unsafe condition 
and complicates the drilling and bolting operation.   
1.2 Research Objective and Scope 
The main objective of this research is to develop a bolt drilling control algorithm that 
determines the rational bite depth range for different rock materials to reduce respirable dust 
generated in the drilling process while still maintain the drilling safety and increase the 
productivity.  Other objectives include obtain the drilling particle size distribution, identify key 
parameters affecting respirable dust generation in drilling operation. 
In order to achieve the objective, the drilling mechanics, factors influencing drilling dust 
generation and energy consumption were studied both theoretically and experimentally.  Figure 
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1.8 illustrates the workflow procedure and tasks for determining the optimum drilling control 
configuration. 
 
Figure 1.8 Workflow chart for proposed research approach 
As such, the fundamentals of drilling mechanics, as an analytical tool to identify the most 
influential drilling parameters on the dust generation and energy consumption is proposed.  This 
model can consider the bit geometry, available drilling power and specific energy with respect to 
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the drilling parameters.  According to the analysis of the drilling mechanical model, drilling test 
configurations will be determined.   
Laboratory drilling tests on two different types of rock were conducted to validate the 
model analysis.  In the meantime, the drilling system input data, as well as the drilling particles 
were collected.  The size distribution of drilling dust and its characteristics under different drilling 
configurations on two types of rock were measured and analyzed.  The relationships between dust 
generation, specific energy, and drilling bite depth were investigated.  In addition, the effects of 
rock strength and bit wear on energy consumption and fine dust generation were also discussed.   
The research results can be integrated with previous research findings into a systematic 
drilling control algorithm for drilling coal measure rocks with varying strength that can be used 
for automatic control of the bolt-hole drilling operation for the following purposes: (1) reducing 
the respirable dust generation from the generation source, (2) maintaining a high drilling energy 
efficiency, and (3) maintaining a safe and economic drilling condition.  The drilling control for the 
roof bolter will be realized through using proper penetration rate and rotational rate that is 
determined according to the rock strength to be drilled.   
This proactive dust control approach, controlling from the generation source, should be 
significantly different from any of the existing dust control technologies developed for the roof 
bolters so far. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Dust Hazard in Roof Bolting 
According to the “Glossary of Atmospheric Chemistry term” (Jack, 1990), “Dust: Small, 
dry, solid particles projected into the air by natural force, such as wind, volcanic eruption, and by 
mechanical or man-made processes such as crushing, grinding, milling, drilling, demolition, 
shoveling, conveying, screening, bagging and sweeping.  Dust particles are usually in the size 
range from about 1 to 100 µm in diameter, and they settle slowly under the influence of gravity.”  
The term particle diameter is referring to particle aerodynamic diameter, which is defined as the 
diameter of a hypothetical sphere of density 1 g/cm3 having the same terminal settling velocity in 
the calm air as the particle in question, regardless of its geometric size, shape and true density.  
The definition of aerodynamic diameter makes it closely related to the particle transportation 
characteristic, as well as the particle to penetrate and deposit at a different site of the respiratory 
tract.  In aerosol science, it is generally accepted that mineral dust, such as quartz and coal dust, 
ranging in size from below 1 µm to 100 µm, which may become airborne depend on their origin, 
physical characteristics and ambient conditions (WHO, 1999).  Airborne dust, also called inhalable 
dust can be drawn into the body by inhalation through the nose or the mouth.  During nasal 
breathing, particles with a diameter greater than 30 µm are deposited in the nose by filtration by 
the nasal hairs and impaction where the air flow changes direction.  Smaller particles less than 10 
µm in diameter are generally able to penetrate into the alveolar region, where gas exchange takes 
place in the lung and are called respirable dust.  Only about 1% of the respirable dust can get as 
far as the alveolar region and the maximum deposition in this region occur for particles of 
approximately 2 µm in diameter.   
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Coal mine dust size distributions indicate that thoracic dust levels may be as high as five 
times respirable dust levels in some work areas on continuous mining sections (Potts et al., 1990).  
Roof bolter operators working downwind of the continuous miner may be exposed to relatively 
high concentrations of respirable dust.  Depends on the type, amount and size of dust, as well as 
the exposure time, the health effect could range from some minor impairment to irreversible 
disease and even life-threatening conditions. 
Coal workers’ pneumoconiosis (CWP), also known as black lung, is uniquely associated 
with coal miners and is a serious problem in all the countries where coal is mined.  CWP is defined 
as the accumulation of coal dust in the lungs and the tissue’s reaction to its presence.  This disease 
is divided into two categories based on its extent, one is simple coal workers’ pneumoconiosis 
(SCWP), and the other is progressive massive fibrosis (PMF).  The development of these diseases 
typically takes decades of exposure.  According to Wade (2010) study, 138 coal miners in West 
Virginia claimed they got PMF and were later approved by the West Virginia State Occupational 
Pneumoconiosis Board between 2000 and 2009.  The average time of progression of PMF is 12.2 
years.  At the time when this study was conducted, the board has already confirmed 21 deaths in 
this group.  The most common type of work for this whole group is continuous miner operators 
(41%) and roof bolter machine operators (19%).   
Another job-related lung disease, silicosis, which can develop through overexposure to 
quartz dust.  Like CWP, it is a chronic disease, taking many years to show the symptom.   However, 
a roof bolter operator exposes to a high level of quartz dust could develop silicosis much faster 
than CWP (MSHA, 2014).  Hence, the overexposure of respirable quartz dust by miners involving 
in roof bolting operations should be more concerned than the coal dust exposure.  Both of these 
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diseases are irreversible, progressive, incurable, at later stages disabling and eventually fatal, but 
they are preventable. 
2.2 Studies of Dust Generated by Roof Bolting 
Several types of research have been conducted on evaluating the respirable dust hazard 
associated with the roof bolting process.   
Joy (2010) has assessed the dust hazard, especially respirable quartz hazard, presented 
during the roof bolting process by roof bolter equipped with an on-board vacuum dust collection 
system.  Two types of roof bolter dust from the dust collection system, one from the pre-cleaner 
and the other from the dust box, have been collected and analyzed.  Forty-six samples of each dust 
type from twenty-six mines have been obtained.  The dust size distributions and their quartz 
contents were determined.  The respirable percentage and quartz content results show that, for pre-
cleaner samples, the percentage of respirable dust ranges from 5.3% to 35.4% and in which quartz 
content ranges from 9.8% to 53%.  For dust box samples, where dust size is significantly smaller 
than pre-cleaner samples, the respirable dust ranges from 13% to 86.7% and quartz content ranges 
from 1.0% to 79%.  This results confirm that roof bolting dust contains an enormously high content 
of respirable quartz dust.   
In Report of Investigation (RI) 9680 (Potts, 2011), the upwind bolter operator’s respirable 
dust exposure was monitored for 58 bolting cycles under different curtain airflow, face ventilation 
type and cut depth.  The ventilation air quantity was found to significantly affect the operator dust 
exposure level.  The average roof bolter operator exposure level for a ventilated room with an 
average air quantity of 164.2 m3/min was 0.4 mg/m3, while the exposure for non-ventilated rooms 
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was 0.96 mg/m3.  This observation suggests that maintaining adequate air flow to the working area 
can dilute the drill-generated dust and reduce the bolter operator exposure level to respirable dust.   
Even though the effectiveness of dust collection system is satisfied in controlling dust from 
drilling.  The maintenance and cleaning process of the dust box could cause another exposure 
hazard to the operators.  Thaxton (1984) had recognized this issue and stated that proper 
maintenance and cleaning of the dust box is necessary to preserve the whole dust collection 
system’s performance.  Listak (2008) also evaluated the effectiveness of the dust-bag to contain 
dust by comparing the operator’s exposure under bag and bag-less condition.  Their results showed 
the respirable dust levels in the collector exhaust exceeds more than two times higher when 
conducted without the bags in place.  In addition, more than 99% of dust in the dust box is trapped 
in the dust-bag, so the operator exposure has been improved while serving the dust box.   
2.3 Engineering Control of Dust in Roof Bolting Operation 
Besides the MSHA required dry vacuum dust collection system.  There are several roof 
bolter dust control technologies for reducing the dust exposure of underground roof bolter 
operators, such as canopy air curtain, drill bit sleeves and mist drill techniques.   
Canopy air curtain (CAC) system as shown in Figure 2.1 was developed to deliver a steady 
stream of filtered air to the operator when they are performing drilling activities beneath the canopy 
(Listak, 2012).  This CAC was originally developed in the 1970s by the Donaldson Company Inc. 
(1975).  This system consists of a hollow metal plenum with a perforated lower surface fixed to 
the drilling boom.  A centrifugal fan provides filtered air to the perforated plate through a flexible 
tubing, which also allows the canopy to be able to offer continuous protection as the boom is 
repositioned for each new hole.  This CAC can blow a constant stream of clean air over the 
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breathing zone of the operator, and can act as a curtain of fresh air for a zone of protection from 
the contaminated air around the bolter.   
However, later research has shown higher entry velocities could reduce the effectiveness 
of the air curtain that initiates the redesign of the CAC.  As shown in Figure 2.2 and 2.3, based on 
CFD simulation and lab test, the original design has been modified and the changes in the 2nd 
generation roof bolter CAC include perforated plate percentage open, air inlet location and 
geometry, uniform airflow across the plenum and staggered perimeter nozzles.  The airflow 
distribution beneath the curtain has improved and more area is be covered under greater entry air 
velocity.  This design was tested at an underground coal mine by comparing the respirable dust 
concentration underneath the CAC to the concentrations at the rear of the roof bolter (Reed, 2018).  
The test results showed a dust control efficiency ranged from 40% to 91% demonstrating that the 
roof bolter CAC can be an effective dust control tool. 
 




Figure 2.2 Original air curtain design for a roof bolter canopy (Reed, 2018) 
 
Figure 2.3 Final (2nd Generation) canopy air curtain design (Reed, 2018) 
Drill bit sleeve, as shown in Figure 2.4 was developed to improve the dust extraction during 
the critical collaring phase (Beck, 2015).  By using a containment and sampling duct to confine 
and sample the dust that escaped from the drill-hole, the respirable dust concentrations are obtained 
during the entire process of drilling into a test concrete block.  The results show that collaring is 
responsible for the largest amount of dust liberation during the drilling process.  Based on their 
laboratory test, the use of bit sleeve in combination with dust-hog-type bit can reduce dust emission 
by one-half during the collaring.  However, several considerations may impact the bit sleeve’s 
performance in underground coal mining environment, including the rough and uneven roof 




Figure 2.4 Prototype bit sleeve on a round drill steel prior to drilling  
The previous research efforts are focused on dust from the drill hole and did not consider 
the dust from the collector emissions and it is reported that the average exhaust respirable dust 
concentrations ranging from 0.14 mg/m3 to 0.94 mg/m3 (Listak and Beck, 2008).  A follow-up 
study has been conducted by the same author to evaluate the dust capture performance of a 
developed wet exhaust conditioner (water box, shown in Figure 2.5) for roof bolting machines 
(Beck, 2012).  The wet exhaust conditioner is a metal container consist of an internal muffler, 
water chamber with four partitions to direct air over the surface of water.  The components and 
typical air movement for the exhaust conditioner are provided in Figure 2.5.  The air passes through 
the muffler and is deflected towards the surface of water for the dust particles to be captured by 
the water.   Laboratory experiments were performed to assess the dust capture performance as 
compared to the standard exhaust muffler.   The results showed a dust collection efficiency with 
63% and 66% for coal and limestone dust, respectively.  As a 23% dust loss was observed during 
an experiment with standard muffler exhaust, so the wet exhaust conditioner was responsible for 
collecting an average of 41% respirable dust.  This research showed an approach for dust reduction 




Figure 2.5 Schematic of internal exhaust conditioner assembly illustrating typical airflow (Beck, 2012) 
Another approach for lowering the roof bolter dust is the mist drilling technique.  A mixture 
of compressed air and water was injected into the drill bit through the drill steel to control the dust.  
A study has compared the dust levels around the bolting machine of this mist drilling approach to 
the conventional vacuum dust collection system (Goodman et al., 2006).  Gravimetric samplers 
were used to measure the dust concentration around the bolter and also for the intake air of the 
machine.  As the result shown in Figure 2.6, the dust level of the intake air for the mist bolter were 
significantly elevated compared to intake air dust level of the vacuum bolter.  The reason is that 
for much of their study, the mist bolter worked downwind of the CM, while the vacuum bolter 
worked upwind.  But by removing the contribution of the intake air for both bolters, the respirable 
dust level around the mist bolter was still several times over the vacuum system.   
It should be noted that all current engineering controls are in the category of passive 




Figure 2.6 Impact of mist drilling on gravimetric dust levels 
2.4 Rock Cutting and Drilling Mechanics 
In the process of rock cutting, the wide fluctuations of cutting force and the discontinuous 
formation of cutting chips are well known. The understanding of the rock failure mechanism in 
rock cutting and drilling is very helpful to identify parameters affecting the dust generation and 
energy consumption during the drilling process.  There has been many efforts on the development 
of models for rock cutting and drilling for the purpose of improving the design and performance 
of the cutting and drilling process.  Those models have established the dependence of the cutting 
force on the rock strength, as well as the drilling specific energy on the cutting depth. 
2.4.1 Nishimatsu’s rock cutting model 
In Nishimatsu’s (1972) description of rock failure process, as the schematic shown in 
Figure ure 2.7. There will be a crushed zone (around point A) generated about the cutter edge when 
it is pushed into the rock.  The deeper the cutter penetrates into the rock, the greater the cutting 
force becomes, and when the penetration depth reaches a critical value which could allow the 
propagation of a macroscopic failure crack then the initiation and propagation of this failure crack 




Figure 2.7 Stress distribution and cutting forces for rock cutting (Nishimatsu,1972) 
Cutting force induced compressive stress and the state of stress depends on the depth of 
cut and the geometry of the cutting tool.  In this model the cutting force was evaluated based on 
the criterion of failure, the depth of cut and the geometry of cutting tool.   
As illustrated in Figure ure 2.7, it is assumed the direction of the resultant stress p is 
constant along line AB.  So the integration of p along AB is equilibrium with the resultant cutting 
force Fc. Thus, 
𝐹𝑐 = − ∫ 𝑝𝑑𝛾
𝑐 𝑠𝑖𝑛𝜃⁄
0
                                                          (2.1) 
The failure takes place when the maximum stresses correspond with the criterion of failure.  
It is reported that the stress condition of failure of rock is given as follow, and the sign of 𝜏𝑠 is a 
negative one under cutting condition.   
−𝜏𝑠 = 𝑆𝑠 − tan 𝑘  ∙ 𝜎𝑛                                                         (2.2) 
Thus, the formula of resultant cutting force per unit width of tool edge is shown below.  It 




∙ 𝑆𝑠 ∙ 𝑐 ∙
cos 𝑘
1−sin(𝑘+𝛼+𝜑)
                                                   (2.3) 
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In his model, the relation of resultant cutting force with the horizontal component T and 
the normal component W (thrust) are as follow: 
𝑇 = 𝐹𝑐 cos(𝜑 + 𝛼) (2.4) 
𝑊 = 𝐹𝑐 sin(𝜑 + 𝛼) (2.5) 
Nishimatsu’s rock cutting model established the relation of resultant cutting force with its 
two components.  More importantly, it describes the damage (crushed) zone around the cutter and 
demonstrates the depth of cut would affect the formation of coarse cutting chips. 
2.4.2 Detournay and Defourny’s drilling response model for down-hole drilling 
Detournay and Defourny (1992) proposed a model to describe the relationship between the 
drilling input and response under sharp and blunt cutter condition for down-hole drilling of drag 
bits, which will be referred to as the DD model in the following.  The term “drag bit” referred to a 
bit consisting of fixed cutters mounted at the surface of a bit body.  This model is basically a set 
of equations that relates the torque and the weight-on-bit to the rate of penetration and angular 
velocity.   
Figure 2.8 Forces acting on a sharp cutter (Detournay and Defourny, 1992) 
For a sharp cutter of width w that is scratching across a flat rock surface at a constant depth 






                                                                     (2.6) 
The only force acting on the rock is the cutting force.  T and W are the horizontal and 
normal force components and can be related by 
𝑊 = tan(𝛼 + 𝜑)𝑇                                                           (2.7) 
It is assumed that the magnitude of Fc and its components are proportional to the cross-
sectional area of cut, then it follows 
𝑊 = tan(𝛼 + 𝜑) 𝐴                                                           (2.8) 
𝑇 = 𝐴                                                                     (2.9) 
Where  is the intrinsic specific energy, which represent the amount of energy spent to cut 
a unit volume of rock during a pure cutting process.  The quantity  has the same dimensions as a 
stress.   
In the case of the blunt cutter, there is an additional force Ff acting on the flat as in Figure 
2.9 and the inclination of the force is controlled by friction coefficient 𝜇 = tan 𝜓, which yields 
𝐹𝑓𝑠 = 𝜇𝐹𝑓𝑛                                                                (2.10) 
 
Figure 2.9 Forces acting on a blunt cutter 
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The horizontal force component T = Fcs+ Ffs, the vertical force component W = Fcn+ Ffn.  
Then use equation (2.8), (2.9) and (2.10), T can be expressed as  
𝑇 = 1 − 𝜇 tan(𝛼 + 𝜑) 𝐴 + 𝜇𝑊                                               (2.11) 
The DD model also introduced two quantities, specific energy E and drilling strength ζ; 








                                                                     (2.13) 
The E has the same general meaning with , however, E represents the energy spent on 
cutting an unit volume of rock, irrespective of the fact that the cutter is sharp or blunt, while  is 
meaningful only for the cutting action, in other words, for a perfect sharp cutter, E = .  So the 




                                                                    (2.14) 
For a blunt cutter, dividing T and W of (2.11) by A, the following relation exists between 
E and ζ: 
𝐸 = 1 − 𝜇 tan(𝛼 + 𝜑) + 𝜇ζ                                                  (2.15) 
This equation states that the E and ζ are constrained by each other while cutting and 
frictional processes are taking place simultaneously.   
This model has also been verified by several published results of cutting experiment 
performed by different institutions and these experiment results indicate that 𝜇 and  of a given 
rock can be considered as a measure of its uniaxial compressive strength.  All cutting tests on 
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limestone, sandstone or chalk sample resulted in a constant internal friction angle with a value 
close to 19°.  Evidence also suggest that the internal friction angle ranges between 31° to 39° for 
another two kinds of sandstone. 
The DD model considered the wear effect during the rotary drilling process and deduced a 
linear relationship among thrust, torque and the penetration rate.  Besides, other than the crushed 
zone around the cutter edge, this model adds a friction zone located between the bit wear flat and 
rock surface to the damage zone mentioned in Nishimatsu’s model. 
2.4.3 Luo’s mathematical model for estimating rock strength during roof bolting 
Luo et al. (2004) have proposed a mathematical model of rotary drilling in order to 
determine the compressive and shear strengths of rock based on the drilling parameters obtained 
during roof bolting operation, as well as the bit geometry information.  It is assumed that the thrust 
is used to overcome the compressive strength of the rock over the normal contact area and the 
torque is used to cause shear failure of the rock in the rotary cutting process.   
 
Figure 2.10 Bit-rock interaction in rotary drilling (Luo et al., 2004) 
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Using this interaction model, the expression of the unconfined compressive strength of 







                                                        (2.16) 
In this model, the drill bit penetration distance per revolution is defined as drilling bite 




                                                                    (2.17) 
As shown in this model, the rubbing area at bit tip is expressed as Dw1.  Besides the drilling 
torque T1 used to overcome the rock shear strength, the rest of it used to overcome the frictional 
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𝑡𝑎𝑛𝛽)]                                       (2.20) 
It is assumed that the specific energy consists of two parts, the part consumed by thrust and 
the part by torque.  It is determined as  






                                                 (2.21) 
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The advantage of this model is that it makes it possible for the operator to test the rock 
strength while performing roof bolt drilling task simultaneously, as well as some other parameters 
like specific energy and drilling efficiency.  
29 
 
CHAPTER 3 ROOF DRILLING BIT-ROCK MECHANICAL MODEL 
Previous mechanical models for rock cutting have described the rock failure process and 
defined the damage zones around the bit and rock interface.  More importantly, both Nishimatsu 
and DD model identified shear stress and depth of cut are important factors affecting the resultant 
cutting force, and both of them provide the same relationship between resultant cutting force with 
the horizontal and normal force components.  Luo’s mathematical model provides a way to obtain 
the rock compressive and shear strength through drilling torque and thrust, as well as the bit 
geometry and penetration per revolution. The term bite depth was defined in this model as bit 
penetration distance per revolution, and was identified to be the key factor affecting the drilling 
specific energy.   
3.1 Drill Bit Parameters and Damage Zone around Cutter 
To better demonstrate the bit-rock interaction process, a geometry model for the most 
common tungsten carbide roof bit is constructed using precise measurements, as shown in Figure 
3.1.  The yellow volume is the steel bit body.  The blue insert is the tungsten carbide cutter, which 
is designed to contact with the rock and to cause rock failure during the bolt-hole drilling process.  
The diameter of the bit is D, the length of one cutter is d, cutter inclination and attack angle is α 
and β, respectively. 
 
Figure 3.1 Geometry model of a typical tungsten carbide spade roof bit 
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The areas of contact between the bit and rock in drilling are of primary interest to the bit-
rock interaction.  In rotary drilling, as the drill bit penetrates into rock, the contact areas can be 
divided into two types according to the modes of rock failure.  The normal contact area is the area 
where compressive failure occurs at the front of the bit tip normal to the axial direction while the 
shear contact area is the area shear failure occurs on the side of the bit in the rotational direction.  
Figure 3.2 shows a schematic of the rock failure process during drilling.  It shows the 
moment that a sharp cutter penetrates into a rock (Figure 3.2b) in a steady state.  A crushed zone 
is generated in front of the cutter edge in which the rock is pulverized by the compression force.  
Deeper cutting depth requires greater thrust.  If a critical value of the cutting depth generates a 
state of stress that enables the propagation of a macroscopic failure crack, the initiation and 
propagation of this failure crack result in the formation of a coarse cutting chip.  As Figure 3.2b 
and c shows, there is a friction zone where friction occurs at the interface between the rock and 
the normal contact area on the bit.  According to experimental observations made by Chaput (1994), 
this crushed rock is formed continuously in a small zone (one to three grains thick) ahead of the 
cutter tip.  The friction force depends on the thrust and friction coefficient between the cutter and 
the rough rock surface.   
3.2 Drill Bit Friction Area 
  In this mechanical model, the drilling bite depth (drill bit penetration distance per 
revolution) is used as the main drilling parameter.  By analyzing the rotational path and cutting 
volume for each cutter as shown in Figure 3.3, the actual cutting volumes for both cutters can be 
visualized as the gray and orange volumes.  In this figure, the relation between the drilling bite 
depth b with the cutting depth c for each cutter is better illustrated.  The cutting depth is equal to 
31 
 
the bite depth divided by the number of cutters of the bit.  For this study, the actual cutting depth 
for each cutter on a typical tungsten carbide drill bit is half the bite depth, as shown in Figure 3.3c.   
                                       
Figure 3.2 Conceptual model of the zone of damage around cutter 
 
Figure 3.3 Illustration of the rotational path and cutting volume by both cutters on the drill bit 
(a. A drawing of the cutting volume by both cutters for 10 revolutions; b. A breakdown view of both cutting volumes 
for a single revolution; c. The cutting volume by one cutter for a single revolution) 
The focus of this mechanical model is the formulation of a drilling response model for a 
roof bolt bit, i.e., a set of relations among required torque and thrust, achieved penetration and 






establishing such a model are to investigate the mechanics of a single cutter under the sharp 
condition first and then include the bit wear and perform the analysis for a blunt cutter.  It is 
assumed that the interaction between a bit and rock during drilling is a steady-state process at a 
constant bite depth.  The cutter contacts with the rock through normal and shear contact areas.  The 
green helicoid surface area in Figure 3.3c represents the friction area experienced by a single sharp 








                                                 (3.1) 




                                                                  (3.2) 




                                                         (3.4) 
In the equation, Af0 is the friction area for a single cutter during one revolution, in cm
2, b is 
the drilling bite depth, in cm/revolution.  It should be noted that the normal contact area is 
correlated with bit diameter, attack angle and drilling bite depth.   
To drill a bolt hole of h (cm) deep, the total friction area experienced by the bit (Af, in cm
2) 
is the function of the number of cutters on the bit (n) and the hole depth (h) as shown in Eq. 3.5. 
𝐴𝑓 = 𝑛 ∙
ℎ
𝑏
∙ 𝐴𝑓0                                                           (3.5) 
3.3 Drilling Bit-rock Interaction Model 
The drilling energy in thrust (W, in N) and torque (T, in N·cm) is transmitted to the rock 
and causes its failure through the normal and shear contact areas of the cutter, respectively.  For 
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the rock to be drilled, it has the unconfined compressive strength (σ0) and shear strength (𝜏).  It is 
assumed as shown in Figure 3.4 that the confined compressive strength varies linearly with the 
depth of contact.  Because of the existence of the normal contact area, a friction force exists and 
its horizontal component is assumed as Ff in the figure.  This friction force is proportional to the 
applied thrust and the friction coefficient between the cutter and rock. 
 
Figure 3.4 The forces acting on a sharp cutter for rotary rock drilling 
The required thrust acting over the normal contact area to overcome the rock compressive 
strength can be determined as 











)                           (3.6) 
In the equation, wn is the normal contact width, in cm; x is the distance between the rear 
edge with the front edge of the normal contact face, in cm. 
The drilling torque is used to overcome two moments generated by the rock shear strength 
and the frictional resistance over the shear and normal contact area respectively as shown in Eq. 
3.7.  In the equation, Ts is the torque to overcome the shear strength of the rock to be determined 
by Eq. 3.8, Tf is the moment caused by the frictional force to be determined by Eq. 3.9.  In Eq. 3.9, 
µ is the friction coefficient between the drill bit and the rock while r is the radius of the bit, in cm. 
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𝑇 = 𝑇𝑠 + 𝑇𝑓                                                                (3.7) 








                                                   (3.8) 





                                                 (3.9) 
The performance of the drill-bit source is related to the drilling power expended on the 
drilling.  The total drilling power at the bit can be calculated by adding the torque power to the 
vertical thrust power.  The drilling power expended during the cutting (Pc) can be expressed by 





+ 𝑊 ∙ 𝑣                                                    (3.10) 
The energy expended can be expressed in terms of the specific energy, which is widely 
used in the drilling literature for the evaluation of the drilling condition and bit selection (Rabia, 
1985).  The drilling specific energy is the amount of energy consumed to break a unit volume of 
rock, expressed in the amount of input energy divided by the rock volume drilled (Teale, 1965).  
The specific energy for rotary drilling can be expressed mathematically in terms of drilling bite 










                                                       (3.11) 
The portion of the specific energy used to overcome the frictional force is wasted in the 
drilling process.  Therefore, the drilling efficiency should be expressed as the energy used to 
overcome the compressive and shear strengths of the rock over the total energy applied.  It is 
expressed in Eq. 3.12.   
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δ = 1 −
2𝜋𝑇𝑓
𝜀∙𝐴𝑏∙𝑏
                                                           (3.12) 
For a worn drill bit as shown in Figure 3.5, the bit-rock interaction is the same with sharp 
cutter, except the change in the normal contact area.  The normal contact area is now increased 
due to the area of the shortened bit tip.  With a same drilling input thrust as a sharp cutter, the 
achievable drilling bite depth will decrease due to the enlarged normal contact area.  Therefore, to 
maintain the same drilling bite depth, the thrust requirement is increased.  The drilling power and 
specific energy equation for sharp cutter are also applicable to blunt cutter.   
 
Figure 3.5 The forces acting on a blunt cutter for rotary rock drilling 
 
3.4 Analysis of Factors Influencing Inhalable and Respirable Dust Generation 
According to the proposed mechanical model, the drilling parameters are heavily 
associated with the total friction area and specific energy.  The crushed and friction zones are 
assumed to be the main contributors to respirable dust generated in the drilling process.  Based on 
the rock failure process and energy conservation theory, two factors have been identified that can 
affect the generation of fine dust.   
36 
 
3.4.1 Drilling bite depth effects 
From the above-mentioned damage zone analysis, the friction zone generates fine dust via 
grinding action.  The surface described by the total friction area in the mechanical model is the 
actual area where friction occurs.   
According to the equation for the total friction area, the drilling bite depth plays an 
important role.  To drill a hole with a certain depth with a given bit, a larger bite depth can result 
in a smaller total friction area.  For example, the total friction area to use a new 3.493 cm (1-3/8 
inch) diameter bit in drilling a 127 cm (50 inch) deep hole at different bite depth is shown in Figure 
3.6.  It is obvious that a higher bite depth results in a much smaller total friction area.  In addition, 
as the figure shows, the total friction area increased as the bit wear progresses.  Which could 
increase the required drilling thrust input as well.  Since friction and crushed zone is the main 
source of fine dust, especially respirable dust, when drilling under higher bite depths, less total 
amount of respirable dust can be expected. 
  
Figure 3.6 Total friction area versus bite depth for 1-3/8” tungsten carbide roof bolt bit 
On the other hand, the way the rock is fragmented into cutting chips by the cutter is a two-































proportional to the cutting depth or drilling bite depth (Hareland, 2009).  Therefore, a larger drilling 
bite depth yields more large fragments.  From a mass conservation point of view, to break the same 
volume of rock mass, more large fragments will result in less fine dust. 
From the energy consumption point of view, to break the same volume of rock, a lower 
drilling specific energy results in less energy wasted on over-breaking the rock and consequently 
less fine dust.  According to Eq. (3.11), the drilling bite depth is inversely proportional to the 
drilling specific energy.  Thus, drilling under a higher bite depth can reduce the specific energy 
and ultimately reduce the generation of fine dust.  
3.4.2 Bit wear effects analysis 
As mentioned in Eq. (3.5) and the previous discussions, excessive bit wear greatly affects 
the normal contact area.  Since the size of friction and crushed zones increases with normal contact 
area.  Then drilling with a worn bit can generate more inhalable and respirable dust.  
According to the law of energy conservation, the input drilling energy is mainly consumed 
by overcoming the rock strengths and by interface friction.  With a larger wear flat area, larger 
thrust is required to achieve the intended bite depth and produces a larger friction force.  Therefore, 
only a smaller portion of the total input energy is used for cutting the rock.  Furthermore, for the 
same input energy, specifically same thrust, the achieved bite depth can be much smaller than that 
can be achieved when a new bit is used.  This will ultimately increase the fine dust generation 
during the drilling.  Thus, the use of an excessively worn bit can decrease the energy efficiency 
and more energy is used for generating fine dust, noise and heat.   
3.5 Summary 
A mechanical model has been developed to simulate the rotary bits drilling process under 
different designs and worn conditions of the cutters.  As most drill bits have two to four cutters, 
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this model can be applied to most type of roof bolt bit used in the underground coal mines.  The 
functions of the area of the total friction, drilling power, and specific energy were presented in the 
model.  The rock failure process during drilling has been analyzed as well.   
According to this model, drilling bite depth and bit wear condition were identified as key 
factors influencing the respirable dust generation and energy consumption.  A larger bite depth 
yields a smaller total friction area and deeper crack initiation point, therefore, less respirable dust 
can be expected and less energy is wasted on over-breaking the rock.  Meanwhile, the analysis 
concludes that the use of an excessively worn bit can decrease energy efficiency and waste more 




CHAPTER 4 LABORATORY ROOF DRILLING EXPERIMENT 
METHODOLOGY  
In order to demonstrate the feasibility of using proper drilling control to reduce the amount 
of respirable drilling dust and to investigate the effects of drilling parameters and bit wear 
condition on dust and energy usage, drilling tests were conducted in Fletcher’s drilling platform 
as shown in Figures 4.1 and 4.2.  This platform was equipped with drilling control, data acquisition 
and dust collection system.  The drilling control system consists of a drill control unit and a drill 
head.  This system acquires a pre-set rotational and penetration rates (R and v) for drilling each 
hole in the targeted testing block.  It then automatically operates the drill to reach and maintain the 
pre-set drilling parameters.  The data acquisition system which consists of a set of sensors 
acquiring the drilling parameters and system status in real-time.  The dust collection system used 
on this platform is the same as those equipped on underground roof bolter machinery as mentioned 
in Chapter 1.  The test block with a dimension of 0.91 m × 0.91 m × 1.52 m (3 ft ×3 ft ×5 ft) is 
supported by and firmly fixed on top of the frame.   
 




Figure 4.2 The main drilling components on the experiment platform  
4.1 Experiment Design 
The purpose of this experiment is to investigate the variation of respirable dust and energy 
consumption for drilling under different parameters, bit wear conditions and rock types.   
The tests for each group were designed to cover a full range of bite depth based on the rock 
strength, bit design, drilling safety, and available drilling power.  The drilling system can be set at 
different penetration and rotation rates to achieve the preset bite depth for each test.  The maximum 
allowable bite depth is limited by the available drilling thrust and the maximum allowable thrust 
on the drill steel to avoid its bending failure (Luo, 2013). 
Since bolt-hole drilling in hard rock roof can encounter more drilling dust, bit wear and 
safety issues compare to soft roof condition.  Therefore, two rock blocks with different strength 
were used for the drilling test.  A reinforced concrete and a non-homogeneous sandstone block 
with uniaxial compressive strength of 55.16 and 132.13 MPa were selected to represent the 




Figure 4.3 Non-homogeneous sandstone and specimen cut from the test drilling block 
In order to quantify the dust generation and its size distribution, dust sampling was 
conducted for the pre-cleaner and three different dust collection stages in dust box after drilling 
each hole.  In addition, for some of the drilling tests, instantaneous dust measurements at the hole 
opening were made every 1 second using a personal DataRAM (pDR) light scattering dust monitor 
(pDR-1000AN, Thermo Scientific). 
The most commonly used roof drill bits in underground coal mines, Kennametal® 2.540 
cm (1 inch) and 3.493 cm (1-3/8 inch) two-cutter bits (Figure 4.4), are used in the laboratory tests.  
Since the effect of bit wear would be evaluated by the experiment, so a few worn bits collected 
from other drilling tests with different weight losses have been used in the tests.  For the rest of 
the tests a new bit was used for drilling each hole.   
 
Figure 4.4 The tungsten carbide spade bits with 1″ (left) and 1-3/8″ (right) diameter used for this tests 
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For comparative purposes of this study, the drilling experiments were designed into four 
groups based on two rock types, and two bit sizes and wear conditions.  The drilling bite depth for 
each group was designed to cover the full bolting operation range.  The detailed drilling parameters 
and conditions for the four groups are listed in Table 4.1.  The first three groups were conducted 
on concrete block with the larger bits (3.493 cm) and the smaller bits (2.540 cm) were used for test 
groups 2 and wear bits in larger size (3.493 cm) were used for test group 3.  Test group 4 were 
conducted on sandstone with smaller bits (2.540 cm).  In addition to the tests above, a few more 
drilling tests were conducted with bits from different manufactures for more bit performance 
investigation purposes, but these tests will not include in this research.    
For test group 1, 25 holes with pre-set bite depth ranged from 0.122 to 0.762 cm/rev was 
designed to investigate the drilling bite depth influence on dust and energy characteristics.  Group 
2 were designed to compare with group 1 on the drilling performance using different bit sizes and 
to compare with group 4 with different drilling materials.   
The third group of tests was designed to evaluate the bit wear effect on drilling energy 
consumption and dust generation characteristics.  A new bit was used for the first test and it was 
used continuously until it was substantially worn out after test 39.  For test 40, 41 and 42, three 
worn bits with a weight loss of 1.62g (1%), 25.31g (12%) and 27.54g (13%) collected from other 
tests were used, respectively.    
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Table 4.1 Designed drilling parameters and conditions for each drill hole  





weight loss v R Bite Depth 
















2 1.016 400 0.152 
3 1.524 500 0.183 
4 1.778 500 0.213 
5 1.524 420 0.218 
6 2.032 500 0.244 
7 2.032 500 0.244 
8 2.032 500 0.244 
9 2.032 500 0.244 
10 2.286 500 0.274 
11 2.286 500 0.274 
12 2.032 420 0.290 
13 2.540 500 0.305 
14 2.540 500 0.305 
15 3.048 500 0.366 
16 3.048 450 0.406 
17 3.048 400 0.457 
18 3.556 500 0.427 
19 3.556 500 0.427 
20 4.064 500 0.488 
21 3.556 400 0.533 
22 4.826 500 0.579 
23 4.064 C400 0.610 
24 5.334 420 0.762 














27 3.81 550 0.416 
28 3.81 550 0.416 
29 4.57 600 0.457 




Continued Table 4.1  




/ weight loss v R Bite Depth 













Bit #1, New 
32 2.54 500 0.305 Bit #1 
33 2.54 500 0.305 Bit #1 
34 2.54 400 0.381 Bit #1 
35 5.08 500 0.610 Bit #1 
36 5.08 600 0.508 Bit #1 
37 5.08 600 0.508 Bit #1 
38 5.08 500 0.610 Bit #1 
39 5.08 400 0.762 Bit #1, 31.44 
40 5.08 400 0.762 1.62 
41 2.54 500 0.305 25.31 















44 2.54 500 0.305 
45 2.54 500 0.305 
46 2.54 400 0.381 
47 5.08 500 0.610 
48 5.08 600 0.508 
49 5.08 600 0.508 
50 5.08 500 0.610 
51 5.08 400 0.762 
52 5.08 400 0.762 
4.2 Drilling Test Procedure and Sample Collection 
For each of the test, the drill operator set the pre-set R and v, then the drill system 
automatically adjusts thrust and torque power to meet the pre-set parameters.  The drilling 
performance data, most importantly the applied thrust and torque, achieved R and v, were recorded 
and stored by the system automatically. 
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After drilling each hole, the dust collection system was cleaned.  The particles from the 
pre-cleaner were discharged directly to a container and collected in a large plastic bag.  The used 
dust-bag in the dust collection box was taken and the dusts from the scondary cyclone and filter 
(typically in very samll amounts) was collected and individually sealed in plastic bags.    Before 
the next drilling, a new dust-bag was replaced.  The pDR dust monitor was also hanged outside 
close to the drill hole to measure the dust concentration during each test in group 2 and 4.  
 
Figure 4.5 The position of the pDR dust monitor used in the test 
4.3 Dust Sample Preparation and Measurement 
4.3.1 Dust sample preparation 
For each of the bolt-hole drilling test, four dust samples from pre-cleaner, dust-bag, 
secondary cyclone and filter were collected and their weights were measured and recorded.  Due 
to the weight limitation of the particle size analyzer, the bulk sample from pre-cleaner and dust-
bag cannot be measured directly by the size analyzer.  A smaller sample which could represent the 
whole sample in terms of size distribution need to be extracted.  Another limitation for the sample 
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measurement by particle size analyzer is that the instrument can only take particles smaller than 
1,000 μm.  Consider the wide particle size range for the pre-cleaner sample, it is necessary to sieve 
the sample by No. 20 seive (850 μm cut size) to divide it into above-850 and under-850 μm.  The 
weights for both above and under the 850 μm samples were obtained thereafter.  Since this research 
is more interested in the inhalable particle range, so the size distribution for above-850 μm samples 
was not be analyzed.   
After sieving, a representative portion of the samples, in terms of size distribution, from 
the under-850 μm pre-cleaner or dust-bag samples needs to be properly extracted using coning and 
quartering method (Raval, 2018).  By repeating the coning and quartering process for 3 times, 2 
grams of sample were randomly collected from the bulk sample for size distribution analyses. 
4.3.2 Dust sample size distribution measurement 
The size distribution measurements were performed by CILAS (model 1190) particle size 
analyzer (PSA) shown in Figure 4.6.  The measurement principle is based on the laser diffraction, 
which is one of the most accurate methods for particle sizing measurement.  Especially for particles 
in the range of 0.5 to 1,000 μm, the results are reliable and reproducible.   
 
Figure 4.6 View of the CILAS 1190 particle size analyzer 
47 
 
Figure 4.7 is the particle size measurement flow diagram.  First, a proper amount of particle 
sample was added into the sample chamber with water in it.  With ultrasound enabled, the particles 
can be fully dispersed in the sample chamber to the single particle state prior to the measurement.  
The solution will then be pumped into a glass analysis recipient located between a laser generator 
and a signal receiver.  The measurement sensor receives the angle and intensity of the scattered 
light through the solution and this information is then transformed by an algorithm into particle 
size information.  The testing sample quantity for each measurement is around 0.1 to 1.0 g depends 
on the particle’s obscuration rate, the ideal obscuration rate is around 15% to get the most accurate 
distribution result.   
 
Figure 4.7 Particle size measurement flow diagram 
Figure 4.8 shows an example of particle size measurement result (in volume basis).  The 
red curve is the cumulative (undersize) size distribution for the sample while the grey column is 
the histogram (frequency) distribution of the sample.  For example, on the cumulative curve, the 











case it is around 77.6%.  The histogram percentage of 1.5 represents the sample volume between 
the size range from 95 to 100 μm.   
 
Figure 4.8 Illustration of volume percentiles in terms of cumulative and histogram plots of one PSA testing result 
4.3.3 Sampling method error analysis 
To validate the accuracy and reproducibility of this sampling method, the coefficient of 
variation (CV; relative standard deviation) was analyzed for one sample (Merkus, 2007).  In 
addition, a 1% of CV is required for such measurement.   
A total of eight 2-gram samples were randomly collected from different stages of coning 
and quartering process.  Before the coning process, two samples named 0.a and 0.b were collected 
directly from the bulk sample.  By repeating the coning and quartering process, 2 samples were 
collected after each coning and quartering stage.  The process was repeated for 3 times and the 
samples collected from the first, second and third stages were named as 1.a, 1.b, 2.a, 2.b and 3.a, 




The size distributions for all extracted samples were measured and the results are shown in 
Figure 4.9.  Five characteristic sizes, D10, D25, D50, D75 and D90 (sizes under 10, 25, 50, 75 and 
90 m, respectively) are defined to evaluate the CV’s at.  Table 4.2 gives the summarized results 
for all the samples.  The standard deviation (Std_sample) and coefficient of variation (CV_sample) 
of the measured samples as well as those for the average values (Std_avg, CV_avg) were calculated.   
 
Figure 4.9 Particle size distributions for samples collected from different stages of coning and quartering process 
Compare the CV_avg with the required CV (1%) for characterization.  It indicate that the 
CV for each of five characteristic sizes is smaller than the required precision value (1%).  For a 
95% confidence interval of each characteristic size, the 1% CV coming for 8 measurements has to 
be multiplied with the corresponding Student t-factor for 5 degrees of freedom (t = 2.36).  Thus, 
the 95% confidence intervals for D10, D25, D50, D75 and D90 are 18.86 ± 0.35 μm, 38.23 ± 0.78 






































the accuracy of this sampling method and the acceptable measurement error after coning and 
quartering for 3 times for this research.   
Table 4.2 Statistical errors introduced by sample processing method 
Characteristic sizes D10 D25 D50 D75 D90 
0.a 18.14 36.59 53.68 64.08 68.59 
0.b 19.02 38.51 56.64 67.64 72.32 
1.a 18.89 38.31 56.20 66.80 71.28 
1.b 18.99 38.24 55.48 65.67 70.05 
2.a 18.85 38.24 56.03 66.67 71.22 
2.b 18.95 38.50 56.30 66.77 71.20 
3.a 18.45 37.55 55.11 65.66 70.18 
3.b 19.56 39.89 58.41 69.27 73.80 
 
Average 18.86 38.23 55.98 66.57 71.08 
Std_sample 0.42 0.93 1.35 1.53 1.56 
CV_sample 2.22 2.43 2.41 2.30 2.20 
Std_avg 0.15 0.33 0.48 0.54 0.55 
CV_avg 0.79 0.86 0.85 0.81 0.78 
Confidence interval ± 0.35 ± 0.78 ± 1.13 ± 1.28 ±1.30 
4.4 Summary 
Laboratory drilling tests were designed into four groups according to different rocks, bit 
sizes and bit wear conditions to investigate the variation of respirable dust and energy consumption 
for drilling under different circumstances.  For each test group, the pre-set drilling bite depth cover 
a full range of the bolter.  The particles were collected from the four stages of the dust collection 
system after each drilling.  Each bulk sample has processed through coning and quartering process 
to extract a suitable volume of sample which can representative to the bulk sample for size 
distribution analyses.  The error analysis of this sampling method was conducted and proved 
acceptable.   
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CHAPTER 5 EXPERIMENT RESULTS AND ANALYSIS 
Based on the drilling experiment design, drilling tests have been performed.  The drilling 
tests have generated a large amount of data from the drilling feedback system, PSA and pDR dust 
monitor.  The original drilling feedback data were used to calculate the drilling specific energy for 
each test.  Dust size distribution data, sample weights for each sample from the drilling tests were 
presented and analyzed statistically in this chapter.   
In the data analysis section, regression models are used to model the dust generation rates.  
The statistical significance analysis is performed to examine the changes in dust generation due to 
different circumstances.   
5.1 Drilling Feedback Data Processing and Results  
The drilling system records the bit position, achieved R and v, applied torque and thrust 
among about 15 drilling performance parameters for every 100 ms during the entire drilling 
process.  The mean values for R and v, torque and thrust during the steady drilling are calculated 
and used in the analyses.  In addition to the input parameters, the pre-set and achieved drilling 
parameters are also shown in Table 5.1.  The drilling specific energy can be calculated from the 
achieved drilling parameters using Equation (3.11) and is shown in this table.   
Table 5.1 shows that the pre-set and achieved rotational rates match very well.  This is 
because the bit wear condition won’t affect the size of the shear contact area to a significant degree.  
But the results show that it is difficult for the tests drilled with a worn bit or drilling through 




























inch cm/s rev/m cm/rev cm/s rev/m cm/rev 
1 New 
Concrete 1-3/8 
1.02 500 0.122 1.15 462 0.150 122.0 4133.1 8608.4 29255.7 
2 New 1.02 400 0.152 1.09 392 0.167 109.0 4363.4 9466.5 28821.4 
3 New 1.52 500 0.183 1.61 470 0.205 112.7 4352.3 8657.8 21586.2 
4 New 1.78 500 0.213 1.78 502 0.213 99.6 5064.1 8865.5 21359.5 
5 New 1.52 420 0.218 1.58 409 0.232 106.7 4790.0 9694.5 21421.6 
6 New 2.03 500 0.244 2.06 503 0.246 100.9 4794.6 8777.3 18322.1 
7 New 2.03 500 0.244 2.14 500 0.257 105.4 6124.1 9495.8 19079.6 
8 New 2.03 500 0.244 2.14 503 0.255 104.8 4934.2 13262.8 26528.3 
9 New 2.03 500 0.244 2.11 491 0.257 105.8 4946.0 9237.2 18444.3 
10 New 2.29 500 0.274 2.32 501 0.277 101.1 5884.0 9468.8 17650.8 
11 New 2.29 500 0.274 2.40 501 0.287 104.6 5271.4 9331.3 16775.8 
12 New 2.03 420 0.290 2.04 425 0.288 99.3 4990.2 9683.6 17320.7 
13 New 2.54 500 0.305 2.51 515 0.292 95.9 5345.5 9704.2 17130.5 
14 New 2.54 500 0.305 2.70 510 0.318 104.2 5357.6 9734.4 15833.9 
15 New 3.05 500 0.366 3.33 503 0.398 108.5 6338.9 10147.4 13344.2 
16 New 3.05 450 0.406 2.91 453 0.386 94.8 5949.7 8655.8 11764.7 
17 New 3.05 400 0.457 3.06 441 0.416 91.0 6412.8 10256.6 12918.5 
18 New 3.56 500 0.427 3.67 504 0.437 102.3 6508.5 10114.4 12175.9 
19 New 3.56 500 0.427 3.53 499 0.425 99.4 6893.2 10156.4 12582.1 
20 New 4.06 500 0.488 4.24 458 0.556 114.0 7065.8 11595.7 11064.6 
21 New 3.56 400 0.533 3.73 398 0.562 105.3 7452.8 10290.0 9803.5 
22 New 4.83 500 0.579 5.07 505 0.602 103.9 8532.6 11347.3 10162.1 
23 New 4.07 400 0.610 4.25 399 0.640 104.7 8429.6 10641.2 9045.8 
24 New 5.33 420 0.762 5.46 427 0.767 100.8 10992.0 11474.0 8401.2 
25 New 4.57 400 0.686 5.06 397 0.765 111.6 9722.8 11478.7 8323.2 
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inch cm/s rev/m cm/rev cm/s rev/m cm/rev 
26 New 
Concrete 1 
1.27 600 0.127 1.20 591 0.121 95.7 1596.9 3768.2 38778.4 
27 New 3.81 550 0.416 3.68 554 0.399 96.0 2979.6 4333.7 14053.0 
28 New 3.81 550 0.416 3.86 553 0.418 100.7 2720.7 4409.4 13606.8 
29 New 4.57 600 0.457 4.74 589 0.483 105.6 3103.5 4300.0 11653.3 
30 New 3.81 400 0.572 3.99 391 0.611 107.0 3936.1 3687.7 8256.6 
31 Bit #1 
Concrete 1-3/8 
0.76 300 0.152 0.83 299 0.167 109.6 4722.7 8082.3 24797.2 
32 Bit #1 0.76 450 0.102 0.85 434 0.117 116.0 4736.3 9567.3 41473.1 
33 Bit #1 0.76 500 0.091 0.83 454 0.110 120.3 4866.0 9570.4 44301.5 
34 Bit #1 1.02 500 0.122 1.06 507 0.126 102.5 5817.7 10418.3 42055.4 
35 Bit #1 1.27 500 0.152 1.05 522 0.121 79.2 6280.1 11086.7 46743.2 
36 Bit #1 3.30 500 0.396 2.05 517 0.238 60.1 7692.3 11516.7 24915.3 
37 Bit #1 3.56 500 0.427 1.54 500 0.185 43.3 7864.9 10816.5 30079.2 
38 Bit #1 3.81 500 0.457 1.60 499 0.193 42.1 7868.2 10339.4 27612.4 
39 Bit #1 2.03 300 0.406 1.00 301 0.200 49.1 7793.8 7807.7 20235.2 
40 1.62 1.78 500 0.213 1.71 497 0.206 96.6 5070.9 9249.9 22949.8 
41 25.31 1.78 500 0.213 1.31 497 0.158 74.0 7799.7 10273.5 33302.3 
42 27.54 1.78 500 0.213 1.19 500 0.143 66.9 7421.4 9763.0 34911.7 
43 New 
Sandstone 1 
2.54 500 0.305 1.67 485 0.206 67.8 4429.0 4538.5 28200.2 
44 New 2.54 500 0.305 1.78 485 0.220 72.2 4185.8 4338.3 25225.5 
45 New 2.54 500 0.305 2.05 488 0.252 82.7 3760.5 4402.7 22384.4 
46 New 2.54 400 0.381 2.28 399 0.343 90.0 2947.8 3812.3 14382.4 
47 New 5.08 500 0.610 3.14 482 0.391 64.1 4808.2 4575.3 15449.5 
48 New 5.08 600 0.508 4.09 583 0.421 82.9 4070.6 4895.9 15223.4 
49 New 5.08 600 0.508 4.16 574 0.434 85.6 3813.8 4800.7 14455.1 
50 New 5.08 500 0.610 3.74 482 0.465 76.4 4607.4 4620.2 13240.1 
51 New 5.08 400 0.762 3.20 387 0.496 65.1 4908.7 4416.8 12012.3 
52 New 5.08 400 0.762 3.22 388 0.497 65.3 4958.0 4364.4 11865.4 
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As shown in Figure 5.1, for the tests in group 1, the achieved bite depths matches well with 
the pre-set value, indicating a good bit condition.  For tests in group 3, the same drill bit was used 
to drill the first 9 test holes (test 31 to 39) and the bit was worn out after the ninth hole.  No problem 
was encountered for the bit to achieve the pre-set bite depth for the first 4 tests (tests 31 to 34).  
But since the 5th hole (test 35), it start to experience difficulty to achieve the pre-set bite depth and 
the situation got worse as the bit continues to be worn down, the final bit weight loss after drilling 
hole 39 is 31.44 g.  With this much wear on bit, the system was not able to provide enough thrust 
to penetrate, so bit weight loss around 30.0 g can be regarded as worn out.  The bite depth 
implementation rates for test 35 to 39 are 79.2%, 60.1%, 43.3%, 42.1 and 49.1% respectively.  It 
shows as the bit wears down, the system can only achieve less than half of the pre-set parameter.  
From this observation, this implementation rate can possibly be used to estimate the bit wear 
condition without weighing the bit, but using the available feedback data to get a good estimation.  
  


































































Three bits with different wear degrees were used for test 40 to 42 under the same pre-set 
bite depth.  Since the bit weight loss used for test 40 is very small (1.62 g), the system achieved 
96.6% of the pre-set bite depth.  But as the bit weight loss increased to 25.31 and 27.54 for test 41 
and 42, the system got problem to achieve the pre-set bite depth.  The bite depth implementation 
rates are 74.0% and 66.9% respectively.  These results confirmed with the analysis using the 
proposed mechanical model in Chapter 4 that drilling with a worn bit can decrease the effective 
thrust, which lowers the achievable bite depth.   
Figure 5.2 shows the comparison between the preset and achieved drilling bite depths as 
sandstone was drilled (tests 26 to 30) and the concrete block was drilled using the 2.540 cm (1″) 
bit (tests 43 to 52).  Clearly, the system performed well in drilling the concrete block, while for 
drilling the sandstone, it never achieved the pre-set parameters.  In drilling the sandstone, even for 
small pre-set bite depths, the current system is still unable to achieve it.  The implementation rates 
in higher pre-set bite depth are even lower.  These results suggest that when drilling in extremely 
hard rocks, the current drilling system’s capability is not able to fully accomplish the pre-set bite 
depth.   
 
































5.2 Dust Sample Size Cumulative Distribution Processing and Results  
The dust samples were collected from different stages in the dust collection system and 
measured separately.  The cumulative size distribution (in volume basis) for samples collected 
from each dust collection stages are obtained.  The measuring results provide the percentage of the 
amounts of particles below a specific particle size and a summary of the characteristics for each 
measurement was provided in Table 5.2.  In tests 7, 8 and 11, drilling encountered the steel rope 
in the concrete block and no dust samples were collected.  For most of the dust samples from the 
filter, the size distribution cannot be measured due to insufficient sample amount to reach the 
lowest obscuration rate for the PSA.  Therefore, only 15 filter dust sample size distributions were 
obtained. 
The most commonly used metrics when describing particle size distributions are D-values 
(D10, D50 and D90) which are the size intercepts for 10%, 50% and 90% of the cumulative mass.  
These three D-values can represent the range and midpoint of the particle size for a given sample.  
In addition, the span is used to describe the width of the distribution and its definition is shown in 







                                                            (5.1) 
One test size distribution results from each group is chosen to be plotted in Figure 5.3.  In 
each figure, the size distributions of one test from each group (G1 to G4) for one cleaning unit are 
plotted.  In addition, the D-values for each sample are also indicated.  In pre-cleaner, regardless of 
test groups, D10 values are all within the range between 1 to 10 μm while D50s are within 10 to 
100 μm.  All D90s are larger than 100 μm.  Besides, D10 and D50 for tests drilling in concrete 
with small (Group 2) and wear bit (Group 3) are smaller than other drilling tests (Group 1 and 4).  
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For dust-bag sample size distributions, the D10s are localized at around 1 μm, while D50s are from 
5 to 10 μm.  However, D90s from group 2&4 are significantly smaller than D90s from group 1&3.  
In cyclone, the sample size are all very small, only D90 from group 3 exceeds 10 μm, and the rest 
of them are all below 10 μm.   
 
   
Figure 5.3 Size distributions and D-values for pre-cleaner (a), dust-bag (b) and cyclone (c) dust samples 
Table 5.2 shows all the D-values for each tests and the D10 values shown in the size 
distribution data, all smaller than 10 m, demonstrate that respirable particles are deposited in all 

















































































maintaining and cleaning the dust collection system.  The median diameter represented by D50 is 
significantly larger for pre-cleaner sample than other samples.  The mean D50 for pre-cleaner 
sample is 44.7 μm.  For dust-bag samples, the D50 is 7.1 μm.  The D50’s for cyclone and filter are 
3.5 and 4.0 μm, respectively.  These results indicate that the median diameter of the particles 
became much smaller after the pre-cleaner and is reduced from 7.1 μm to under 4.0 μm by the 
dust-bag.  Since D50 values for dust-bag (except tests 4, 6, 36, 39, 40, 41 and 42), cyclone and 
filter are all below 10 μm, it indicates that more than half of the collected dust in these units were 
respirable.  As D90 shows, only values that larger than 100 μm can be found in pre-cleaner sample, 
this indicate that the majority of cuttings larger than 100 μm were collected by pre-cleaner and the 
particles collected in the dust box are all within inhalable range.  The mean span decreased from 
the first collection step to the last and their values are 6.3, 4.6, 3.1 and 2.3 μm, respectively.  This 
decreasing trend indicates that the width of the particle size distribution became narrower after 
each collector.   
The distributions of sizes for all pre-cleaner, dust-bag, and cyclone samples are plotted 
separately for different test groups as shown in Figure 5.4 to 5.7, respectively.  Following each 
figure, a table with three characteristic size (2, 5, 10 μm) and its maximum, minimum and mean 
cumulative distribution are listed.  These values demonstrate how much fraction of dusts below 
these three characteristic size are in each dust sample.  Particles smaller than 2 μm are potentially 
more problematic for human health than particles in 2 to 10 μm range, because it can easily 











Below-850 μm pre-cleaner 
sample 

































1 0.152 2.5 36.7 258.0 7.0 0.8 3.6 14.4 3.8 0.7 2.8 9.3 3.1     
2 0.171 3.0 46.8 290.3 6.1 0.8 3.6 13.9 3.7 0.9 4.9 22.0 4.3     
3 0.204 2.6 41.3 282.3 6.8 0.8 3.8 16.8 4.2 0.8 2.7 8.7 3.0     
4 0.212 3.7 62.5 340.4 5.4 1.2 11.1 52.6 4.6 0.9 3.9 11.9 2.8 1.0 4.3 11.1 2.3 
5 0.235 2.7 44.9 289.5 6.4 0.8 3.9 18.6 4.5 0.8 4.1 13.8 3.2 0.9 3.6 8.5 2.1 
6 0.241 4.5 68.2 330.0 4.8 1.2 10.4 50.8 4.8 1.0 4.8 16.6 3.3     
7 0.252                 
8 0.256                 
9 0.258 2.7 44.4 291.8 6.5 0.8 4.2 20.5 4.7 0.8 2.9 10.0 3.2     
10 0.276 2.6 48.9 319.7 6.5 1.0 8.3 47.2 5.6 0.8 3.1 9.7 2.8     
11 0.287                 
12 0.287 2.9 46.2 297.3 6.4 0.9 4.9 27.7 5.4 0.8 4.4 17.1 3.7 0.9 3.4 8.4 2.2 
13 0.293 2.6 42.1 288.7 6.8 0.9 4.7 27.2 5.6 0.8 2.9 10.9 3.4     
14 0.308 2.7 45.4 296.2 6.5 0.9 4.8 27.7 5.6 0.8 3.2 10.9 3.1 0.8 3.5 8.4 2.2 
15 0.391 2.5 43.3 297.7 6.8 0.9 5.3 34.7 6.3 0.8 3.1 10.3 3.1 0.9 3.7 8.8 2.1 
16 0.393 2.9 59.1 314.7 5.3 1.0 8.9 49.5 5.5 0.9 4.3 12.0 2.6 1.0 4.3 11.4 2.4 
17 0.415 3.4 55.7 324.6 5.8 0.9 6.3 41.6 6.5 0.8 4.3 14.0 3.0 0.9 3.8 8.9 2.1 
18 0.435 2.4 41.3 283.0 6.8 0.9 5.2 34.9 6.5 0.8 3.3 11.2 3.2     
19 0.445 2.6 43.5 301.8 6.9 1.1 8.5 40.2 4.6 0.9 3.8 11.9 2.9 1.1 4.9 15.0 2.9 
20 0.539 2.4 41.0 281.0 6.8 0.9 5.1 34.6 6.5 0.8 3.2 10.5 3.1     
21 0.551 2.5 45.8 300.2 6.5 0.9 6.1 44.8 7.2 0.8 3.7 11.9 3.0     
22 0.588 2.3 39.2 276.3 7.0 0.9 4.9 31.1 6.2 0.8 3.8 13.8 3.4     
23 0.642 2.2 41.9 295.8 7.0 0.9 4.9 29.2 5.7 0.8 3.4 11.7 3.2     
24 0.732 2.1 38.8 280.6 7.2 0.8 4.4 27.1 6.0 0.8 4.6 20.8 4.4     










Below-850 μm pre-cleaner 
sample 

































26 0.121 2.1 30.2 217.9 7.1 0.8 3.9 11.3 2.7 0.3 1.6 5.3 3.1     
27 0.399 2.0 31.8 264.7 8.3 0.9 5.6 19.0 3.3 0.3 1.7 5.8 3.1     
28 0.418 2.2 34.9 274.0 7.8 0.9 4.5 14.1 2.9 0.3 1.8 6.0 3.1     
29 0.483 2.2 37.5 287.2 7.6 0.8 4.2 13.0 2.9 0.3 1.6 5.1 3.0     
30 0.611 1.8 27.4 239.7 8.7 0.9 4.1 11.4 2.6 0.3 1.7 5.4 3.0     
31 0.168 4.3 98.2 371.3 3.7 1.1 8.5 45.5 5.2 1.0 4.7 16.9 3.4 0.9 3.5 8.5 2.2 
32 0.118 5.0 81.9 352.8 4.2 1.1 8.3 40.9 4.8 0.8 3.5 10.1 2.6 0.9 3.5 8.5 2.2 
33 0.109 3.0 48.4 309.0 6.3 1.1 9.3 50.2 5.3 0.9 3.4 10.0 2.7 1.2 4.7 12.3 2.3 
34 0.128 2.5 41.0 311.2 7.5 1.1 8.3 42.5 5.0 0.9 3.7 10.4 2.5 0.9 3.7 8.3 2.0 
35 0.120 3.6 65.6 338.5 5.1 1.1 8.9 48.6 5.3 0.9 3.7 11.0 2.7 0.9 3.7 8.7 2.1 
36 0.234 2.1 25.3 228.6 9.0 1.2 10.8 58.9 5.4 0.8 3.6 10.2 2.6 0.8 3.4 8.3 2.2 
37 0.183 2.4 30.5 177.1 5.7 1.1 8.7 46.2 5.2 1.0 4.7 16.9 3.4     
38 0.185 2.4 44.2 282.4 6.3 1.1 9.6 49.8 5.1 0.8 4.2 13.9 3.1 1.1 5.8 17.9 2.9 





323.6 5.3 1.2 11.5 57.3 4.9 0.9 3.9 11.9 2.9     
41 0.150 1.7 14.2 94.9 6.6 1.2 12.2 58.8 4.7 0.9 4.3 13.1 2.9     
42 0.131 1.3 10.6 85.1 7.9 1.4 12.6 60.5 4.7 0.8 3.3 9.7 2.7     
43 0.206 5.0 37.7 190.5 4.9 1.2 6.4 16.5 2.4 0.8 2.9 9.1 2.9     
44 0.22 5.0 37.6 199.7 5.2 1.2 6.1 15.8 2.4 0.8 2.9 9.1 2.9     
45 0.252 4.9 40.6 235.6 5.7 1.2 6.8 17.5 2.4 0.8 2.9 9.2 2.9     
46 0.343 5.3 41.8 254.2 6.0 1.2 6.5 17.4 2.5 0.8 2.8 9.0 2.9     
47 0.391 4.8 43.2 257.1 5.8 1.2 6.4 17.2 2.5 0.8 2.9 9.1 2.8     
48 0.421 4.6 42.9 254.5 5.8 1.2 6.3 16.3 2.4 0.8 3.0 9.1 2.8     
49 0.434 5.2 45.3 257.4 5.6 1.1 6.3 16.9 2.5 0.8 3.0 9.1 2.8     
50 0.465 4.7 43.0 264.9 6.1 1.2 6.3 16.6 2.4 0.8 2.9 9.0 2.8     
51 0.496 4.5 41.6 258.3 6.1 1.1 6.1 17.0 2.6 0.8 2.9 9.0 2.8     
52 0.497 3.9 40.0 262.9 6.5 1.1 6.2 16.8 2.5 0.8 2.9 9.0 2.8     
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Table 5.3 shows that the mean inhalable dust (<100 m) for all four groups in pre-cleaner 
samples ranges from 67.61% to 74.19%.  The mean contents of respirable particles (<10 m) in 
groups 1 to 4 account for 22.69%, 27.33%, 26.49% and 17.86% respectively.  The particles under 
the size of 5 μm, that portion of dust able to penetrate in the lung’s alveolar area and possibly to 
deposit there  still holds at a relatively high percentage in the pre-cleaner sample.  The mean values 
for the four groups are 14.80%, 17.65%, 16.45% and 10.32% respectively. 
In dust-bag sample, the mean for particle size of 10 μm and smaller are 66.81, 81.44% for 
group 1 and 2, 50.23, 70.28% and for group 3 and 4.  There are 17% to 25% of particles in the 
range smaller than 2 μm.   
For cyclone particle, it becomes much finer.  More than 85% of them were below 10 μm.  
In group 2 tests, the particle mean for 2 μm size is 55.47%, and it is 30.79, 28.17 and 35.71% for 
group 1, 3 and 4 respectively. 
The characteristics for filter sample is very similar to cyclone sample, 90% are below 10 
μm, 62.40% are below 5 μm and 23.79% are below 2 μm. 
In summary of the size distribution characteristics, particles become finer after each dust 
collection unit and the potential inhalation hazard was confirmed from the distribution results that 
there exists substantial fraction of respirable and inhalable dust in both pre-cleaner discharge and 
dust box.  General speaking, fine particles (smaller than 2 μm) deposition in dust box can be more 




   
   
Figure 5.4 Size distributions for pre-cleaner under-850 μm dust samples 
Table 5.3 Pre-cleaner under-850 μm dust sample size distribution statistical summary 
Particle size, 
um 
Cumulative distribution value, % 
Group 1 Group 2 
Minimum Maximum Mean Minimum Maximum Mean 
5 10.80 16.97 14.80 16.60 19.37 17.65 
10 16.83 25.51 22.69 25.47 29.65 27.33 
100 59.62 72.75 67.61 70.77 77.21 74.19 
Particle size, 
um 
Cumulative distribution value, % 
Group 3 Group 4 
Minimum Maximum Mean Minimum Maximum Mean 
5 9.98 28.41 16.45 9.64 11.73 10.32 
10 15.76 48.14 26.49 16.55 20.11 17.86 
















































































































   
   
Figure 5.5 Size distributions for dust-bag dust samples 
Table 5.4 Dust-bag dust sample size distribution statistical summary 
Particle size, 
um 
Cumulative distribution value, % 
Test Group 1 Test Group 2 
Minimum Maximum Mean Minimum Maximum Mean 
2 16.36 31.36 24.62 21.91 27.25 25.16 
5 31.39 61.98 48.32 46.47 60.20 55.31 
10 47.24 82.49 66.81 70.95 86.74 81.44 
Particle size, 
um 
Cumulative distribution value, % 
Test Group 3 Test Group 4 
Minimum Maximum Mean Minimum Maximum Mean 
2 13.98 19.20 17.36 16.20 18.86 17.38 
5 27.91 37.33 33.47 38.15 42.71 40.77 
















































































































   
   
Figure 5.6 Size cumulative distributions for cyclone dust samples 
Table 5.5 Cyclone dust sample size distribution statistical summary 
Particle size, 
um 
Cumulative distribution value, % 
Test Group 1 Test Group 2 
Minimum Maximum Mean Minimum Maximum Mean 
2 21.07 38.89 30.79 52.84 57.67 55.47 
5 50.41 74.03 62.13 85.15 89.46 87.49 
10 72.57 92.95 84.75 98.56 99.65 99.21 
Particle size, 
um 
Cumulative distribution value, % 
Test Group 3 Test Group 4 
Minimum Maximum Mean Minimum Maximum Mean 
2 21.39 36.20 28.17 34.93 36.80 35.71 
5 52.56 68.42 61.05 70.44 71.77 71.13 

















































































































Figure 5.7 Size distributions for filter dust samples 
Table 5.6 Filter sample size distribution statistical summary 
Particle size, 
um 
Cumulative distribution value, % 
Minimum Maximum Mean 
2 18.52 27.36 23.79 
5 44.34 69.97 62.40 
10 72.57 94.70 90.07 
5.3 Dust Sample Weight Results and Processing 
Based on the weights of drilling particles collected at each of the four dust collection stages 
for each test hole and the previously presented size distribution information, the weights of 
respirable and inhalable dusts in each stage and the totals from each test hole can be determined 
and the results are presented in Table 5.7.  The following observations can made from the 


































Table 5.7 Dust sample weight data processing for the drilling tests 
Test No. 1 2 3 4 5 6 7 8 9 10 11 12 
Total sample weight, g 3423.5 3342.6 3396.1 3208.5 3345.2 3147.1   3467.0 3212.5  3488.2 
Total inhalable dust weight, g 2268.6 2023.2 2068.3 1902.2 1970.6 1820.4   1984.7 1917.6  1927.2 








Total dust weight, g 3270.0 3205.0 3266.0 2699.5 3225.0 2648.5   3341.0 2706.0  3355.0 
Total above-850 μm dust 
weight, g 
362.5 433.0 489.1 377.9 515.9 423.8   616.3 541.2  701.6 
Total below-850 μm dust 
weight, g 
2907.6 2772.0 2776.9 2321.5 2709.1 2224.7   2724.8 2164.8  2653.4 
Inhalable dust weight, g 2115.1 1885.6 1938.1 1398.0 1850.5 1326.4   1858.7 1415.3  1794.0 






 Total dust weight, g 152.6 137.0 129.5 508.5 119.6 498.0   125.6 505.5  132.9 
Inhalable dust weight, g 152.6 137.0 129.5 503.6 119.6 493.4   125.6 501.3  132.9 







Total dust weight, g 0.72 0.44 0.47 0.55 0.44 0.56   0.29 0.69  0.22 
Inhalable dust weight, g 0.72 0.44 0.47 0.55 0.44 0.56   0.29 0.69  0.22 





Total dust weight, g 0.20 0.23 0.21 0.01 0.21 0.03   0.11 0.26  0.17 
Inhalable dust weight, g    0.01 0.21       0.17 




Table 5.7 Continued 
Test No. 13 14 15 16 17 18 19 20 21 22 23 24 25 
Total sample weight, g 3438.7 3405.8 3465.7 3382.3 3458.7 3420.4 3061.3 3296.8 3340.7 3309.1 3358.1 3437.1 3356.0 
Total inhalable dust weight, g 1930.2 1859.7 1857.5 1648.5 1651.8 1830.1 1742.7 1775.7 1719.8 1757.6 1724.2 1730.9 1785.7 








Total dust weight, g 3311.0 3280.0 3338.0 2940.0 3339.0 3300.0 2636.7 3191.0 3232.0 3224.0 3264.0 3359.0 3270.0 
Total above-850 μm dust 
weight, g 
706.9 715.7 798.2 1002.4 906.8 849.9 711.9 803.4 832.9 867.9 889.7 1020.2 888.8 
Total below-850 μm dust 
weight, g 
2604.1 2564.3 2539.8 1937.5 2432.2 2450.1 1924.8 2387.6 2399.1 2356.1 2374.3 2338.8 2381.2 
Inhalable dust weight, g 1802.6 1734.0 1730.0 1210.6 1532.2 1709.8 1318.5 1670.0 1612.0 1672.6 1630.1 1652.8 1699.7 






 Total dust weight, g 127.2 125.2 126.9 441.3 119.1 120.1 424.2 104.6 107.8 84.6 93.6 77.8 83.8 
Inhalable dust weight, g 127.2 125.2 126.8 437.2 119.0 120.0 423.8 104.5 107.0 84.5 93.6 77.8 83.7 







Total dust weight, g 0.41 0.57 0.72 0.82 0.50 0.25 0.34 0.21 0.76 0.41 0.44 0.17 2.18 
Inhalable dust weight, g 0.41 0.50 0.72 0.82 0.50 0.25 0.34 0.21 0.76 0.41 0.44 0.17 2.18 





Total dust weight, g 0.02 0.02 0.02 0.21 0.19 0.04 0.02 1.02 0.15 0.02 0.06 0.14 0.06 
Inhalable dust weight, g  0.02 0.02 0.21 0.19  0.02       




Table 5.7 Continued 
Test No. 26 27 28 29 30 31 32 33 34 35 36 37 
Total sample weight, g 1678.5 1690.5 1717.5 1665.6 1742.4 3200.1 3149.8 3086.8 3145.6 3066.9 3150.7 3123.8 
Total inhalable dust weight, g 1211.3 1012.2 987.6 917.9 1049.9 1803.3 1953.0 2136.1 2207.4 1995.0 2293.0 2297.3 








Total dust weight, g 1623.1 1644.1 1676.5 1636.2 1664.2 2547.3 2412.0 2304.1 2403.5 2339.0 2693.0 2474.6 
Total above-850 μm dust 
weight, g 
125.9 334.3 366.9 380.7 402.0 254.7 193.0 253.4 240.3 193.9 323.2 445.4 
Total below-850 μm dust 
weight, g 
1497.2 1309.8 1309.6 1255.5 1262.2 2292.5 2219.0 2050.6 2163.1 2145.1 2369.8 2029.2 
Inhalable dust weight, g 1155.9 965.8 946.6 888.5 971.6 1155.0 1216.0 1361.2 1466.1 1274.0 1846.1 1653.0 






 Total dust weight, g 52.7 44.5 39.4 28.7 76.9 651.5 736.6 782.1 741.3 727.6 456.8 648.0 
Inhalable dust weight, g 52.7 44.5 39.4 28.7 76.9 647.0 735.8 774.2 740.4 720.9 446.2 643.4 







Total dust weight, g 1.96 1.49 1.27 0.36 1.18 0.04 0.21 0.22 0.51 0.10 0.77 0.92 
Inhalable dust weight, g 1.96 1.49 1.27 0.36 1.18 0.04 0.21 0.22 0.51 0.10 0.77 0.92 





Total dust weight, g 0.75 0.39 0.32 0.34 0.18 1.33 0.99 0.47 0.37 0.24 0.18 0.31 
Inhalable dust weight, g      1.33 0.99 0.47 0.37 0.24 0.18  




Table 5.7 Continued 
Test No. 38 39 40 41 42 43 44 45 46 47 
Total sample weight, g 3134.2 3167.4 2835.2 3179.6 3146.3 462.9 473.2 475.0 476.2 498.8 
Total inhalable dust weight, g 2032.6 2430.9 1738.0 2593.5 2670.5 365.9 369.7 354.8 353.9 362.7 








Total dust weight, g 2519.9 2479.7 2303.0 2518.5 2460.0 432.1 448.0 449.5 436.0 473.1 
Total above-850 μm dust 
weight, g 
460.0 396.8 345.5 365.6 270.6 0.60 0.61 2.48 0.81 1.81 
Total below-850 μm dust 
weight, g 
2059.9 2083.0 1957.6 2152.9 2189.4 431.5 447.4 447.0 435.1 471.2 
Inhalable dust weight, g 1424.0 1758.9 1216.8 1946.9 2000.2 335.1 344.5 329.2 313.7 337.0 






 Total dust weight, g 613.4 686.8 531.7 660.3 685.3 30.0 24.7 25.0 39.6 24.8 
Inhalable dust weight, g 607.8 671.4 520.7 645.8 669.6 30.0 24.7 25.0 39.6 24.8 







Total dust weight, g 0.62 0.61 0.45 0.80 0.63 0.46 0.07 0.25 0.54 0.61 
Inhalable dust weight, g 0.62 0.61 0.45 0.80 0.63 0.46 0.07 0.25 0.54 0.61 





Total dust weight, g 0.28 0.29 0.00 0.02 0.36 0.32 0.44 0.31 0.08 0.30 
Inhalable dust weight, g 0.28          




Table 5.7 Continued 
Test No. 48 49 50 51 52 
Total sample weight, g 502.5 502.7 481.3 916.7 918.5 
Total inhalable dust weight, g 366.4 364.2 347.3 675.4 675.1 








Total dust weight, g 480.5 474.3 461.4 854.3 854.0 
Total above-850 μm dust 
weight, g 
0.56 0.86 1.75 0.83 2.00 
Total below-850 μm dust 
weight, g 
479.9 473.4 459.7 853.4 852.0 
Inhalable dust weight, g 344.3 335.8 327.5 613.0 610.6 






 Total dust weight, g 21.9 27.6 19.3 61.3 63.6 
Inhalable dust weight, g 21.9 27.6 19.3 61.3 63.6 







Total dust weight, g 0.03 0.75 0.49 0.69 0.85 
Inhalable dust weight, g 0.03 0.75 0.49 0.69 0.85 





Total dust weight, g 0.11 0.10 0.05 0.49 0.07 
Inhalable dust weight, g      
Respirable dust weight, g      
71 
 
1. The mean weight of drilling particles generated by the 3.493 cm (1-3/8″) bits for a 
144.8 cm (57”) deep hole the concrete block is 3,269.1 g.  While the mean dust weight 
generated by a 2.540 cm (1”) bit under same hole depth is 1698.9 g.  For the tests on 
sandstone with 2.540 cm (1”) bit, the mean total dust weight for a 30.5 cm (12”) hole 
is 484.1 g and for a 61.0 cm (24”) hole is 917.6 g.  The total weight of the drilling 
particles can be estimated by the dimension of the hole and the density of the rock (the 
density of concrete is 2.4 g/cm3 and that of sandstone is 2.65 g/cm3). 
2. The majority of the drilling particles is collected by pre-cleaner, and the fraction can 
be as high as 98.2% (test #29).  The dust collected by secondary cyclone and filter in 
the last two stages of dust collection process counts less than 0.1% of the total drilling 
particles.   
3. The pre-cleaner sample contains the largest fraction of drilling particles in the 
respirable size range with an average of 76.5% of the total generated respirable dust.  
As the drilling particles from the pre-cleaner is normally disposed directly on the mine 
floor, the fine particles in the pre-cleaner discharge could be re-suspended in mine air.  
Rest of the respirable dust passed through the pre-cleaner is able to be collected by the 
three devices in the dust box.   
4. For the drilling tests performed on sandstone, almost all the particles is under 850 μm, 
a drastic contrast to drilling tests on concrete.  The percentage of inhalable dust in the 




5.4 Dust Size Frequency Distribution 
The particle size distribution curves are derived from the cumulative size distribution 
curves.  It assesses the particle size probability distribution by depicting the frequencies of 
observations occurring in certain size ranges.  A histogram can graphically show the features 
provided by a data set, such as center, spread, and skewness of the data.  Figure 5.8 to 5.12 plots 
the particle size frequency histograms for four of the cleaning units.   
   
   






































































































   
   
Figure 5.9 Dust size frequency histograms for dust-bag dust samples 
   
































































































































































   
Figure 5.11 Dust size frequency histograms for cyclone dust samples for Group 3 and 4 
 
Figure 5.12 Dust size frequency histograms for filter dust samples 
Except for few of the histograms for pre-cleaner and secondary cyclone sample, most of 
the histograms shown above are non-normal distributions.  For these continuous probability 
distributions, the mode is considered to be any particle diameter at which its frequency (probability 












































































occurs at the peak of the histogram.  In these tests, the mode for each dust size frequency 
distribution plot is the dominant particle size in the sample and the peak value represents its 
percentage.  The mean of this frequency distribution is the expected particle diameter of a 
probability-weighted mean of all diameters.  In other words, the mean is calculated by 
summarizing all the products of each particle diameter class multiply by its frequency.  Therefore, 
it occurs at the point on the horizontal axis where the distribution would balance.  Since most of 
the distributions are non-normal, so the sample mean can be very different from mode.   
Table 5.8 shows the summary of the histogram data for each cleaning unit.  Significant 
differences can be found between results from large (tests group 1 and 3) and small (tests group 2 
and 4) bit drilling tests.   
The maximum pre-cleaner dust sample mean from large bit drilling tests is beyond 122.9 
μm, while for small bit drilling tests, the maximum sample mean is 84.2 μm.  For dust bag sample, 
the maximum sample mean is 28.3 μm for drilling tests using large bits, while for drilling tests 
using small bits the maximum sample mean is only 9.9 μm.  The same characteristic can be found 
by comparing the sample mode between large and small bit drilling results.  The maximum pre-
cleaner dust sample modes for large bit drilling tests is 400 μm, while for small bit drilling tests, 
it is 56 μm.  For dust-bag sample modes, they are 18 and 9 μm respectively.  Both the cyclone and 




Table 5.8 Summary of histogram data for each cleaning unit sample 


























1 80.3 53.0 2.0 7.5 4.0 3.9 5.0 3.0 4.3    
2 89.8 71.0 2.1 7.1 4.0 3.7 11.0 6.5 3.4    
3 86.0 63.0 2.0 8.4 4.0 3.6 4.7 3.0 4.6    
4 114.8 400.0 2.7 24.2 15.0 2.6 6.7 6.0 4.3 6.7 6.0 5.4 
5 89.0 63.0 2.0 9.0 4.0 3.4 7.5 6.5 3.9 5.1 5.0 6.3 
6 106.2 400.0 2.3 23.3 14.0 2.6 9.5 6.0 4.5    
9 89.1 71.0 2.0 9.9 5.0 3.3 5.4 3.0 4.3    
10 94.4 400.0 2.1 21.2 11.0 2.6 5.3 4.0 4.6    
12 90.4 63.0 2.0 12.5 5.0 2.9 8.9 6.5 3.7 5.0 4.0 6.2 
13 87.2 63.0 2.0 12.3 5.0 3.0 5.8 3.0 4.1    
14 90.3 71.0 2.0 12.5 5.0 3.0 5.9 4.0 4.1 5.0 4.0 6.2 
15 89.3 63.0 2.0 15.3 5.0 2.8 5.6 3.0 4.3 5.3 5.0 6.2 
16 99.6 106.0 2.2 22.5 15.0 2.5 7.0 6.5 4.7    
17 99.1 400.0 2.2 18.0 6.0 2.5 7.7 6.5 4.0 5.5 5.0 6.3 
18 86.1 63.0 2.0 15.3 5.0 2.8 6.1 4.0 4.1    
19 89.7 53.0 2.1 18.3 12.0 2.8 6.7 5.0 4.2    
20 85.8 63.0 2.0 15.3 5.0 2.9 5.8 4.0 4.4    
21 91.2 63.0 2.0 19.6 6.0 2.6 6.6 6.0 4.1    
22 83.9 63.0 2.0 14.1 5.0 3.1 7.3 5.0 3.7    
23 88.4 63.0 2.0 13.3 5.0 3.0 6.4 5.0 4.0    
24 84.5 56.0 2.0 12.1 4.0 3.1 10.2 6.0 3.4    
25 83.0 63.0 2.0 14.7 5.0 3.1 6.7 5.0 4.0    
26 71.6 53.0 2.1 6.5 6.0 4.7 2.8 3.0 5.2    
27 77.9 53.0 1.9 9.9 8.0 3.7 3.1 3.0 5.1    
28 80.8 50.0 1.9 7.8 6.5 4.3 3.2 3.0 5.1    
29 84.0 50.0 2.0 7.3 6.0 4.4 2.7 2.6 5.2    
30 71.3 45.0 2.0 6.7 6.0 4.9 2.8 3.0 5.3    
31 38.9 11.0 2.9 20.7 11.0 2.6 9.5 6.0 4.4 5.4 5.0 6.2 
32 104.9 400.0 2.4 18.5 12.0 2.8 6.1 5.0 4.6    
33 93.9 63.0 2.0 22.7 11.0 2.6 5.4 4.0 4.6    
34 89.2 400.0 2.0 19.0 12.0 2.7 6.0 5.0 4.8    
35 105.8 400.0 2.5 21.9 11.0 2.6 6.3 5.0 4.6    
36 93.9 63.0 2.0 27.2 13.0 2.4 5.7 5.0 4.7 4.9 4.0 6.2 
37 65.7 45.0 2.5 21.0 12.0 2.6 9.4 6.0 4.4    
38 89.0 71.0 2.1 22.7 13.0 2.6 7.5 6.5 4.0    
39 55.6 13.0 2.2 26.9 15.0 2.7 5.8 3.0 4.1    
40 101.3 400.0 2.2 26.7 14.0 2.5 6.7 5.0 4.2    
41 122.9 400.0 3.3 27.6 18.0 2.5 6.6 6.0 4.5    
42 41.5 14.0 3.0 28.3 15.0 2.5 5.5 4.0 4.7    
43 72.0 50.0 2.5 9.5 9.0 4.6 5.0 3.0 4.5    
44 73.0 50.0 2.4 9.2 8.5 4.6 5.0 3.0 4.5    
45 78.8 50.0 2.3 9.9 9.0 4.5 5.0 3.0 4.5    
46 81.3 50.0 2.2 9.8 9.0 4.4 4.9 3.0 4.6    
47 82.8 53.0 2.2 9.7 9.0 4.4 5.0 3.0 4.6    
48 82.3 56.0 2.2 9.4 8.5 4.6 5.0 4.0 4.6    
49 84.2 53.0 2.3 9.6 9.0 4.5 5.1 4.0 4.6    
50 83.3 53.0 2.2 9.5 8.5 4.5 4.9 3.0 4.7    
51 82.0 50.0 2.2 9.5 8.5 4.3 4.9 3.0 4.7    
52 81.8 50.0 2.1 9.4 9.0 4.4 5.0 3.0 4.7    
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5.5 Real-time Dust Concentration Results Processing 
The real-time airborne respirable dust concentration recorded by the pDR monitor varied 
substantially between different drilling tests.  It was likely a result of unstable air movement in 
surrounding environment, especially the high dust concentration recorded during test 48.  No 
relationship of the pDR result between drilling bite depth was observed.  But the data still show 
the time-dependent nature of the drill-hole dust emissions.  The peak dust concentration can be 
found within the first 20 seconds of drilling and then returned to a low concentration once the 
collaring process ended (bit is fully inserted into the hole).  As indicated by the data points below 
the baseline, there is very little dust emitted from the drill hole after collaring process.   
These observations are consistent with the findings from laboratory and in mine roof 
drilling tests conducted by other researchers (Beck, 2015; Colinet et al., 1985). 
 
 

















































In this Chapter, the drilling feedback data as well as the dust generation results were 
presented.  The worn bit drilling tests result demonstrates some relation between the bit wear 
conditions with the implementation rate.  It could be used to estimate the bit wear condition with 
further analysis. 
The dust size cumulative distribution result demonstrate that respirable particles were 
deposited in all dust collection units.  The mean percentage of respirable particles collected in pre-
cleaner for groups 1 to 4 are 22.69, 27.33, 26.49 and 17.86% respectively.  The median diameter 
of the particle become much smaller after the pre-cleaner.  More than half of the collected dust in 
dust-bag, cyclone and filter were respirable.  In dust-bag sample, the means for particle size of 10 
μm for groups 1 and 3, which use the 1-3/8” bit, are respectively 66.81% and 50.23%, and the 
means for groups 2 and 4, which use 1” bit, are respectively 81.44% and 70.28%. 
According to the sample weight results, more than 90% of generated particles were 
collected by pre-cleaner and an average of 76.5% of the total generated respirable dust were 
deposited in the same unit as well.  Sandstone drilling tests generate more fine dust than concrete 
drilling tests.   
Significant particle size difference was found between the large bit and small bit drilling 
from the particle histogram data.  The dust sample mean and mode are both greater in large bit 
drilling than small bit drilling.   
The pDR monitor result demonstrated the time-dependent nature of the drill-hole dust 
emission and the peak dust concentration was found during the collaring process.   
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CHAPTER 6 THE EFFECT OF DRILLING BITE DEPTH ON 
ENERGY AND DUST GENERATION 
According to the analysis of the drilling bit-rock interaction model, drilling bite depth was 
identified as key parameter which could affect the drilling specific energy and the dust generation.  
The relationships of drilling bite depth with drilling specific energy, and with respirable an 
inhalable dust generation are discussed in this chapter.  
6.1 Relationship between Drilling Specific Energy and Bite Depth 
The drilling specific energy for each test has been calculated previously and shown in Table 
5.1, its relationship with drilling bite depth has been plotted in Figure 6.1.  An exponentially 
decreasing trend was observed between specific energy and drilling bite depth for each test group.   
 
Figure 6.1 The relation between drilling specific energy and bite depth 
For test group 1 (1-3/8″bit drill trail), the bite depth covered a full range, from 0.150 to 




























Drilling bite depth, cm/rev 
Test group 1, 1-3/8" bit_Concrete
Test group 2, 1" bit_Concrete
Test group 3, wear bit_Concrete
Test group 4, 1" bit_Sandstone
80 
 
continue to decrease which indicates higher drilling efficiency.  However, the decreasing rate 
slows down as the bite depth reaches a relatively high level.   
For results from drilling with a smaller bit in concrete block as test group 2 shows, the 
trend follows the same regression model with tests from group 1 and 3.  The level of specific 
energy under same bite depth reveals no significant differences compare with group 1 and 3 results.  
This can be explained by the definition of specific energy, since the value is the energy spent to 
break a unit volume of rock.  Therefore, a conclusion can be drawn that, both bits were equally 
effective in regards to drilling energy efficiency aspect.  Because of these reasons, a same power 
regression model can be established for concrete drilling despite of bit size and condition.  The 
regression model and coefficient is shown in equation 6.1. 
= 5989.5𝑏0.885                                                     (6.1) 
The R-square and p-value are 0.96 and 1.4710-29(<<0.05), respectively, both values 
indicate that the relationship between concrete drilling specific energy and bite depth is significant. 
For test group 3 (wear bit drill trail), since the achieved drilling bite depth was limited by 
bit condition as discussed in previous chapter, so the bite depth for these tests are in a lower range, 
which are below 0.238 cm/rev (0.093 in/rev).  In this bite depth range, the specific energy dropped 
sharply from 46743 to 20235 N/cm2.   
For the tests drilling in sandstone with a smaller bit (test group 4), the basic trend is the 
same as concrete drilling, but the level of drilling specific energy is a little higher than drilling in 
concrete.  The difference between sandstone and concrete drilling is around 2000 N/cm2 (2900 
psi), which only one fourth of the rock strength difference.  Another exponential regression was 
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performed to obtain the relationship between drilling specific energy and bite depth for sandstone 
drilling and the equation is presented below. 
= 6721.1𝑏0.859                                                     (6.2) 
The R-square and p-value are 0.93 and 2.4510-5(<<0.05), respectively, both values 
indicate that the relationship between sandstone drilling specific energy and bite depth is 
significant.   
Since the specific energy measured from the drilling is an indication of the efficiency of 
the drilling system, a lower value of specific energy indicates a more efficient drilling condition.  
From the relationships between specific energy and bite depth obtained above, it can, therefore, be 
concluded that it is advantageous to have as high a bite depth as possible in the energy conservation 
aspect.   
6.2 Relationship of Respirable and Inhalable Dust Generation vs Drilling Bite Depth 
In order to evaluate the fine dust generation for tests with different drill hole depth, instead 
of using the absolute dust weight for analysis, the dust generation rate (generated dust weight per 
unit drilling distance, g/cm) was used to analyze the relationship between fine dust generation with 
drilling bite depth.   
6.2.1 Total dust generation rate characteristics 
Figure 6.2 shown the box plot for the total measured dust generation rate for 4 groups of 
test.  One outliner was observed from test group 1 and two outliners caught from test group 3, 
these outliners may due to errors accumulated from sample collection and size distribution 
measurement, therefore, these data were excluded from the regression analysis.  Figure 6.2 gave 
the median dust generation rate for each test group, the median values for test group 1 and 3 are 
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very close, and this result can be expected because both groups of test were conducted in a same 
rock type with same bit size.  However, the median for group 2 is half that for group 1 and 3, this 
is because the bit size difference between different test groups.  Their median dust generation rate 
ratio is around 1.9, which agrees with their bore-hole area ratio.  The median difference between 
group 2 and 4 is due to the density difference between two rock materials.  The ratio of the density 
between sandstone (2323 kg/m3) and concrete (1589 kg/m3) is 1.46, which agreed with the median 
ratio from the plot.   
 
Figure 6.2 Boxplot of the total dust generation rate for each test group 
6.2.2 Relationship of inhalable dust generation rate vs drilling bite depth 
Figure 6.3 plotted the total inhalable dust generation rate against the drilling bite depth for 
each test.  The variation in bit wear condition caused the irregular distribution for test group 3 and 
detailed analysis was given in chapter 7.  Second order polynomial regression was performed for 
results from test group 1, 2 and 4, and the p-values are 2.4110-6, 0.10 and 0.05, respectively.  All 
these three relationships were statistically significant at 85% confidence level.  In addition, the 

































1 and 2 when increasing the bite depth from 0.15 to 0.60 cm/rev (0.059 to 0.236 in/rev).  Since 
tests in group 2 and 4 were all drilled with 1″ bit, their results shown that the level for dust 
generation rate for group 4 is much higher than group 2.  This results were caused by drilling with 
different materials.  
 
Figure 6.3 The relationships between inhalable dust generation rate with bite depth 
6.2.3 Relationship of respirable dust generation rate vs drilling bite depth 
Figure 6.4 shows the respirable dust generation rate with different drilling bite depth for 
all the test.  The trend is very similar to the inhalable dust generation rate profile, but the absolute 
rate is roughly one third of the inhalable dust generation rate.  The mean respirable dust generation 
rate for tests in group 1, 2 and 4 are 4.72, 2.79 and 3.28 g/cm, respectively.  The 2nd order 
polynomial regression were also performed, and the p-values for group 1, 2 and 4 are 1.8610-3, 
0.26 and 0.38.  The result indicate that for test group 1, the relationships between respirable dust 
generation rate with drilling bite depth is statistically significant.  However, the p-values for group 
2 and 4 suggest that the respirable dust generation rates were not significantly affected by changes 
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generated respirable dust of each test.  The variation of respirable dust generation rates for group 
1, 2 and 4 are 1.54, 0.80 and 0.42 g/cm, respectively. 
 
Figure 6.4 The relationships between respirable dust generation rate with bite depth 
6.3 Summary 
The effect of drilling bite depth on specific energy and dust generation was discussed.  An 
exponentially decreasing trend was observed between drilling specific energy and bite depth for 
tests in both materials.  It is advantageous to have a high bite depth to achieve better energy 
efficiency.  The dust generation characteristics shown a considerable reduction in both inhalable 
and respirable dust generation rate when increasing bite depth from 0.15 to 0.60 cm/rev.  However, 
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CHAPTER 7 OTHER DRILLING EFFECT ON ENERGY AND DUST 
GENERATION 
7.1 Rock Strength Effects on Energy Consumption and Fine Dust Generation 
7.1.1 Rock strength effects on energy consumption 
Three pairs of matched samples from test group 2 and 4 with a similar drilling bite depth 
were used to demonstrate the energy requirement differences when drilling in different rocks.  
Figure 7.1 and 7.2 gives the comparison of thrust and torque requirements on sandstone and 
concrete drilling.  Tests for significance at 85% confidence using statistical paired t-test were 
performed showing that both thrust (p=0.009) and torque (p=0.122) values significantly changed 
between sandstone and concrete drilling.  Significant thrust difference can be observed from all 
three pairs, the differences between sandstone and concrete drilling are 1828.6, 1350.6 and 1805.2 
N, respectively.  These increase indicate that when operating under a same drilling bite depth, 
considerably high thrust will be required for drilling in harder rock.   However, as shown in Figure 
7.2, although the torque required for sandstone drilling is higher than concrete drilling, but the 
difference only accounted for less than 10% of the output value.  This is because the shear strength 
between the two materials is similar.   
 



















Figure 7.2 Torque difference of drill in different rock materials with similar bite depth 
Figure 7.3 gives the comparison of specific energy between sandstone and concrete drilling.  
Paired t-test shows that a significant difference (p=0.101) in the specific energy is existed for each 
test bite depth when comparing levels in sandstone and concrete drilling.  The column showed 
higher specific energy level for sandstone drilling, which is consistent with previous discussion 
that drilling in harder rock consumes more energy.   
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7.1.2 Rock strength effects on drilling system implementation rate 
Another significant difference found when comparing sandstone and concrete drilling is 
that the system is not able to achieve the pre-set bite depth due to the hardness of the material.  As 
shown in Figure 7.4, for tests from 26 to 30, which were drilled in concrete, the pre-set bite depth 
was easily achieved.  While, for sandstone drilling tests, the achieved bite depth are all below the 
pre-set value to a degree as much as 35% for those high pre-set bite depth tests.  Surprisingly, 
shown by tests with low bite depth, the system still have a very low implementation rate, while the 
pre-set value has been proved by some higher bite depth tests that the current drilling power is 
capable to achieve these low rate.  So the likely reason for this result is the power out-put 
predetermine algorithm in the drilling system didn’t adopted well on hard material.  By comparing 
the pre-set and achieved penetration and rotation rate for tests 43 to 52 in Table 5.1, it can be found 
that the low achieved penetration rate is responsible for this low achieved bite depth, which 
basically means the system under estimated the thrust requirement to drill in hard material.   
 

















































7.1.3 Rock strength effect on dust generation characteristics 
Because of the density difference between these two materials, which made the dust 
generation rate incomparable.  Therefore, the ratio between inhalable, respirable dust generation 
rate and total dust generation rate was used to make the comparison as shown in Figure 7.5 and 
7.6.  From Figure 7.5, a distinct difference (p=0.011) shown that under a similar bite depth, 
sandstone drilling generates more than 10% of inhalable dust than concrete drilling.  However, as 
shown in Figure 7.6, statistical analysis shown that the respirable dust generation were not 
significantly affected (p=0.457) by drilling in different rock materials.  In the first two sets of test, 
concrete drilling generates more respirable dust, but in the third set of test, sandstone drilling 
shown a higher respirable dust generation rate.  To reveal the true mechanism behind this 
phenomenon, more tests need to be done.   
 








































Figure 7.6 Respirable dust generation difference of drill in different rock materials with similar bite depth 
7.2 Bit Wear Effects on Energy Consumption and Fine Dust Generation 
7.2.1 Bit wear effect on drilling system performance 
Bit wear changes bit configuration, therefore, it changes the normal and shear contact area, 
which can affect the whole drilling system performance.  As discussed in Chapter 5, when drilling 
with a worn bit, the system will encounter difficulty in achieving the pre-set bite depth under the 
available effective thrust. For the tests conducted with a worn bit, the achieved bite depth was 
much lower than the pre-set bite depth.  Therefore, to achieve a same drilling bite depth, by using 
a worn bit, the system have to consume more cutting energy.  Figure 7.7 shows that by using a 
worn bit, to achieve a same drilling bite depth, the required thrust is significantly higher 
(p=1.27910-4) than new bit drilling for all four pairs.  This is so, because the increase in the 
normal contact area between the bit and rock results in an increased thrust.  However, statistical 
analyses showed that torque inputs were not significantly (p=0.287) affected by changes in bit 
wear degree.  The required torque for new bit drilling can be larger than using a worn bit, evidence 






































Figure 7.7 Thrust difference of drill with different bit condition under similar bite depth 
 
Figure 7.8 Torque difference of drill with different bit condition under similar bite depth 
The overall drilling specific energy for worn bit is statistically higher (p = 0.140) than new 
bit drilling, although as shown in Figure 7.9, the specific energy for test 3 is a little higher than test 
39 (0.67%).  Other results shown that specific energy for worn bit drilling increased as compared 
with new bit drilling.  The increased percentage between the other three pairs of tests are 16.3, 























































Figure 7.9 Specific energy difference of drill with different bit condition under similar bite depth 
7.2.2 Bit wear effect on respirable and inhalable dust generation characteristics 
According to the analysis in Chapter 4, with the same energy input or pre-set bite depth, 
more respirable and inhalable dust will be generated as a result of lower achieved bite depth.  
Evidence can be found in Figure 7.10, which compared the actual respirable and inhalable dust 
generation rate between four sets of test drilling with a same pre-set bite depth, bit size and rock 
type, but different bit wear conditions.  Paired t-tests identified that both respirable (p=0.037) and 
inhalable (p=0.006) dust generation rates significantly changed between new and worn bit drilling.  
Since lower bite depth occurred when drilling with worn bit, more respirable and inhalable dust 
was generated.  The following graph shows that the amounts of reduction in respirable and 
inhalable dust generation rates were respectively 1.7 and 2.63 g/cm between tests 17 and 38; 1.27 
and 3.83 g/cm between tests 19 and 37; 3.01 and 5.4 g/cm between tests 16 and 39; 4.51 and 4.83 




































Figure 7.10 The dust characteristics for same pre-set drilling bite depth with different bit wear conditions 
For tests with a same achieved drilling bite depth in group 1 and 3, more respirable and 
inhalable dust can be expected when using a worn bit compare with new bit due to a larger friction 
area and higher friction force.  Evidence can be found from comparing the dust generation 
characteristics between tests with a similar bite depth, but different bit wear conditions.  The results 
of four sets of test were plotted in Figure 7.11.  Paired t-tests were also performed for these data, 
and differences in respirable (p=0.002) and inhalable (p=0.017) dust generation between new and 
wear bit drilling with a similar achieved drilling bite depth were statistically significant.  From 
each set, the worn bit generates a larger amount of both respirable and larger airborne dust compare 
with the new bit.  The reduction in respirable dust generation rates were 2.90, 2.28, 2.87 and 3.57 
g/cm for these four sets of test respectively.  For inhalable dust generation rates, they reduced by 
5.93, 2.50, 3.94 and 2.78 g/cm respectively.  Both the reductions in respirable and inhalable dust 
generation rate are very significant.  The percentage of dust generation rate increased by using a 
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much as 61.5 (respirable) and 43.6% (inhalable). Therefore, it is confirmed that the use of worn 
bit can decrease the energy efficiency and generate more respirable and inhalable dust. 
 
Figure 7.11 The dust characteristics for similar achieved drilling bite depth with different bit wear conditions 
7.3 Summary 
In this Chapter, the effect of rock strength and bit wear on energy and dust generation was 
discussed.  The comparison of drilling specific energy results from sandstone and concrete drilling 
tests confirmed that drilling in sandstone requires higher specific energy than concrete drilling.   
The drilling implementation rate kept at a lower level when drilling in sandstone, this may 
due to the system drilling control issue, not because of insufficient power capacity.  By comparing 
the dust generation characteristics, the results shown that sandstone drilling generates more than 
10% of inhalable dust than concrete drilling.  However, statistical analysis shown that the 
respirable dust generation were not significantly affected by drilling in different rock materials. 
The overall drilling specific energy for worn bit is statistically higher than new bit drilling 
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test with a similar bite depth, but different bit wear conditions show that by using a worn bit drilling, 
the increase of respirable and inhalable dust production can be as much as 61.5 and 43.6%, 




CHAPTER 8 INTEGRATED DRILLING CONTROL ALGORITHM 
TO IMPROVE DUST REDUCTION AND DRILLING EFFICIENCY 
According to the discussion and analysis from previous chapters, an integrated drilling 
control algorithm can be developed to optimize the drilling efficiency and reduction of respirable 
dust.  A rational drilling control (rotational and penetration rates) to achieve the optimal drilling 
bite depth for the rock type used in the experiment is recommended.  This algorithm is expected 
to be incorporated into the current roof bolter drilling control system for drilling automation so 
that a safe and productive drilling operation can be conducted in a healthy working environment.   
8.1 Rational Drilling Bite Depth Based on the Energy and Dust Results 
Figure 8.1 plotted the drilling bite depth versus specific energy, noise dose, and dust 
generation results.  The noise dose data were referred from a previous research project (Li, 2015) 
and the specific energy, dust generation data was based on results from test 1 to 25 in this research 
because these tests were conducted under the same condition with the noise research project.   
This figure shows that, as the bite depth increases, the noise dose decreases until it reaches 
its minimum value at bite depth of 0.541 cm/rev (0.213 in/rev).  However, the dose stays at the 
same level although the bite depth continues increases from 0.541 to 0.800 cm/rev (0.213 to 0.315 
in/rev).  Similarly, for respirable and inhalable dust generation results, the generation rates 
decrease quickly and then levels out at the bite depth around 0.560 cm/rev (0.221 in/rev).  For 
specific energy, a powered decreasing trend was observed throughout the full range, the reduction 
rate slows down as the bite depth increases as shown in Fig. 8.1.   
All these experimental results indicate the same conclusion that drilling with a high bite 
depth is beneficial to noise reduction, dust control and energy efficiency.  But since noise and dust 
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curve leveled out at around 0.550 cm/rev bite depth and the decreasing rate of specific energy 
slowed down after this point.  Therefore, based on this specific rock and bit type, the bite depth 
range from 0.5 to 0.6 cm/rev was recommended for the purpose of dust reduction and drilling 
efficiency. 
 
Figure 8.1 The relationships of drilling bite depth with dust/noise generation and energy consumption 
8.2 Drilling Safety Considerations 
Drilling in different materials may encounter a variety of safety issues.  While drilling in 
hard material, a greater thrust must be applied.  The excessive thrust could bend the drill steel 
which leads to buckling and creates an unsafe condition for the operator.  In addition, the excessive 
thrust, along with a high rotational rate could accelerate the bit wear which prevents the bit from 
actually bite into the material, but skidding.  When dealing with soft rock, large particles are more 
likely to be generated and they could be stuck inside the hollow drill steel, which is called steel 
clogging.  This event could slow down the drilling cycle, and even worse, it can create a burst of 
dust backward out of the drilling hole.  This burst of dust exposes the operator to an enormous 
amount of respirable dust and create an extremely hazardous working environment.   
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Based on Darin’s roof bolting field tests conducted in four Central Appalachia coal mines 
with specific condition and machine (Darin, 2016).  The following table can be obtained for the 
safety performance for each condition with different drilling parameters.   
Analysis of safety performance of drilling was done based on Darin’s roof bolting field 
tests conducted under different conditions and with specific machines in four Central Appalachian 
coal mines.  His purpose on these tests was to reduce the bit clogging and steel stalling events by 
providing a larger torque to slow down the drilling rotation rate.  The following table shows the 
results of the safety performance for each mine with two specific drilling parameters, one being 
the original operating parameter and the other being the adjusted parameter. 
Table 8.1 Roof bolter drilling safety performance under different conditions 












29% soft shale 












Rarely Never 315 
Mine B Medium hard 
580 5.08 0.526 Never Never 1 row/bit 
475 4.45 0.562 Never Never 3 row/bit 
Mine C 
42% soft shale 
58% medium hard 
670 6.10 0.546 Frequently Frequently 1585 




650 3.30 0.305 Rarely Always 91 
650 4.06 0.375 Never Rarely 366 
Note: Frequency expressions for clogging and stalling event from high to low: Always, frequently, sometimes, rarely, 
never. 
As this table shows, the clogging event during drilling in soft shale in Mine A was 
eliminated by increase the bite depth from 0.402 to 0.548 cm/rev (0.158 to 0.216 in/rev).  By 
increase the bite depth from 0.189 to 0.500 cm/rev (0.074 to 0.197 in/rev) while drilling in hard 
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material, the stalling event was also eliminated.  Meanwhile, the bit life was extended from 251 to 
315 cm/bit (98.8 to 124.0 in/bit).   
For Mine B, the default drilling parameter achieved very good safety performance already 
and by increasing the bite depth, the drilling performance keeps at a safe condition as well.  
However, the increased bite depth benefits bit life, it has been extended from 1 row per bit to 3 
rows 2 bits.   
At Mine C, it frequently encountered clogging and stalling with a bite depth of 0.546 
cm/rev (0.215 in/rev).   However, by reducing the rotation rate from 670 to 500 rpm, these events 
rarely happened thereafter.  Slowing the rotation rate in hard material is necessary in order to 
increase the bite depth to allow the bit to cut the material with improved bite efficiency.  But the 
lowest rotation rate is limited by the motor capacity.   
For Mine D drilling with extremely hard material, stalling always happen with bite depth 
of 0.305 cm/rev (0.120 in/rev).  By increasing the penetration rate from 3.30 to 4.06 cm/s (1.30 to 
1.60 in/s) in order to gain a higher drilling efficiency, the frequency of steel stalling shows a 
significant drop.  In addition, the bit life was appreciably extended.  In harder material, clogging 
was rarely observed because the hard material produces more fine fragments.   
Based on the soft material drilling performance from Mine A and C, it is found that reduce 
the rotation rate is very effective on cancel out bit clogging event.  To avoid stalling event, a higher 
penetration rate combined with a lower rotation rate is recommended and performance 
improvements can be found from tests in Mine C and D.  To explain this phenomenon, a higher 
penetration rate, though may require a higher thrust, which could increase the risk of steel bending, 
but with a higher bite depth, the bit cuts the material more efficiently, which means effective thrust 
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increased at the same time and less thrust was actually acted on the steel.  Therefore, by increasing 
the bite depth, drilling in hard material can be more efficient, evidence can also be found from the 
extended bit life in Mine D drillings.   
Based on the safety performance results, a higher bite depth is preferable.  Even though in 
extremely hard material condition, the achievable bite depth is very limited.  But with the full 
torque capacity, by increase the thrust power to achieve a higher bite depth also improved the 
safety performance.  Therefore, in order to provide a more efficient and safer drilling process, a 
higher torque and thrust combination to provide a rational high bite depth for the specific rock 
material are recommended.   
8.3 Comprehensive Drilling Control Algorithm Development 
Based on the results from the drilling energy and dust generation analysis, the rational 
drilling bite depth should be in the range from 0.50 to 0.60 cm/rev (0.197 to 0.236 in/rev) for the 
tested concrete.  For the safety performance, the rational strategy is finding the optimum bite depth 
by reducing the rotation rate first and then increasing the penetration rate.   
However, the optimum bite depth range is correlated with the rock material been drilled 
and this range can be determined by monitoring the drilling specific energy.  From the previous 
analysis, it is found that the drilling specific energy can be obtained from currently available 
drilling feedback data and has a stable relationship with drilling bite depth.  In addition, a lower 
specific energy indicates a higher drilling efficiency, which results in less respirable dust and lower 
noise dose.  In drilling industry, monitoring drilling specific energy has been widely used in bit 
selection, drilling performance monitoring, and drilling parameters optimization for downhole 
rotary drilling.  Chen (2016) has proposed a real-time optimization method based on a new 
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mechanical specific energy model for rotary downhole drilling.  Field drilling data was analyzed 
and proved that this method can be used effectively for the optimization of the drilling parameters.  
Therefore, for roof bolt hole drilling, the specific energy could also provide an objective tool to 
identify the optimal drilling bite depth.   
Since specific energy is not only drilling parameter specific, but also formation specific.  
As aforementioned, specific energy is the amount of energy required to break a unit volume of 
rock.  When the drilling is operating efficiently, the specific energy should maintain at a relatively 
low level.  Thus the relationship between specific energy and the UCS can be an indicator to 
identify the optimal drilling bite depth for different rock materials.  Therefore, real-time 
optimization of drilling parameters for bolt hole drilling can be performed by identifying the 
optimal bite depth in specific formation based on specific energy surveillance.  The ratio (δ) 
between specific energy and UCS could provide an objective tool to determine whether the drilling 
was conducted in its optimum performance range.   
The relationship between drilling bite depth and the ratio of specific energy over UCS from 
tests 1 to 25 can be plotted as shown in Figure 8.2.  Their relationship fits a power function with 
negative power.  As the increase of bite depth, the ratio becomes smaller which indicates a better 
efficiency.  But according to the dust and noise generation analysis, the recommended bite depth 
range is from 0.5 to 0.6 cm/rev (0.197 to 0.236 in/rev).  Therefore, the optimum δ value is 




Figure 8.2 The relationship between drilling bite depth with the ratio of specific energy over UCS 
With the optimal δ range was determined for this type of rock.  The algorithm of adjusting 
drilling parameters to reach its optimal bite depth is shown in Figure 8.3.  Since higher RPM would 
accelerate bit wear, so a lower RPM combination with a correlated ROP to reach a designated 
drilling bite depth is preferable.  In addition, the bit wear condition can prevent the system to 
achieve the target bite depth, therefore, a bit condition check was included in the algorithm design.   
Before start drilling, a start bite depth, the rock UCS, an efficiency and bit condition index 
need to be input into the drilling control system.  As the drilling progresses, the specific energy is 
monitored and the ratio can be calculated simultaneously.  If the ratio is between 0.9 to 1.1 times 
the efficiency index, then the system will continue drilling with the initial bite depth.  But the 
algorithm still needs to evaluate the bit condition using the implementation rate.  The system will 
stop and a new bit needs to be replaced to continue drilling if the implementation rate is lower than 
the bit condition index.   
In the beginning, if the ratio between specific energy and material UCS is higher than 1.1δ, 



















Drilling bite depth, cm/rev
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specific energy to meet the criteria until the torque has reached its cap value.  Then the system will 
increase the penetration rate by raising the thrust power.  However, when thrust increased to its 
cap value and the ratio is still beyond 1.1δ, the most likely reason is that the effective thrust is too 
low which is caused by excessive bit wear.  Therefore, it will trigger a bit replacement alert and 
require a new bit to be replaced to avoid steel buckling.   
 
Figure 8.3 Schematic diagram of the drilling control algorithm 
By adapting this drilling control algorithm, the drilling efficiency and bit condition can be 
monitored in real-time, so at any point of drilling, the system can stay in a relatively high energy 
efficiency with less respirable dust production and also reduce the chance to encounter bit clogging 
and steel buckling event.    
W < Wcap Replace bit 
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 
9.1 Conclusions 
Based on the established rotary drilling bit-rock interaction model, the drilling bite depth 
and bit wear condition were identified as key factors influencing the respirable dust generation and 
energy consumption.  This model can be applied to most type of roof bolt bits used in underground 
coal mine industry.  The functions of the area of the total friction, drilling power and specific 
energy were presented.  Model analysis indicates a higher bite depth yields less respirable dust and 
less energy will be wasted on over-breaking the rock.  In addition, the use of excessively worn bit 
can decrease the energy efficiency and waste more energy on generating fine dust, noise and heat. 
Laboratory drilling tests were conducted to validate the model analysis, it was designed 
into four configurations regarding different rocks, bit sizes and bit wear conditions to investigate 
the variation of respirable dust and energy consumption under different circumstances.  The 
particles generated from each drilling were collected and measured, their weight and size 
distribution was obtained for each test.  In addition, the energy input was recorded as well for the 
efficiency evaluation. 
In one drilling hole, more than 20% of the total generated particle can be respirable and 
more than 60% can be inhalable.  From the total dust perspective, on average, 90.6% of particles 
were deposited in pre-cleaner and 9.3% were in dust-bag, less than 0.01% of total generated dust 
was collected by cyclone and filter.  The dust size distribution and weight results demonstrate that 
respirable particles were deposited in all the dust collection units.  Around 77.5% of the total 
generated respirable dust were deposited in pre-cleaner, the remaining dust were in the dust box 
and the respirable dust collected by the dust-bag accounted for 22.3%.  It requires the operator to 
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use caution to avoid exposure to these dust when maintaining and cleaning the dust collection 
system.  The test results also showed that drilling in harder material could generate more inhalable 
particles.  The average percentage of total generated inhalable dust from concrete and sandstone 
drillings are 60.6 and 74.4%, respectively.   
Bit wear was determined to be another significant factor in drilling performance in terms 
of dust generation and energy consumption.  The overall drilling specific energy for worn bit 
drilling is statistically higher than new bit drilling due to the low effective thrust caused by bit 
wear.  Drilling with a worn bit can also increase the respirable and inhalable dust generation as 
well, the results indicate the increased percentage of respirable and inhalable dust, which can be 
as high as 61.5% and 43.6%, respectively.   
By analyzing the effect of drilling bite depth on energy and dust generation rate.  An 
exponentially decreasing trend was observed between drilling specific energy and bite depth for 
tests in both materials.  Therefore, it is advantageous to have a high bite depth to achieve better 
energy efficiency.  While the dust generation characteristics showed a considerable reduction in 
both inhalable and respirable dust generation rate when increasing bite depth from 0.15 to 0.60 
cm/rev (0.059 to 0.236 in/rev).  However, no further reduction in dust generation rate was observed 
under greater bite depth.   
Finally, based on the test results and analysis, an integrated drilling control algorithm was 
developed to optimize the drilling efficiency and reduction of respirable dust.  The optimum bite 
depth range is correlated with the rock material been drilled and this range can be determined by 
monitoring the drilling specific energy.  The ratio between specific energy and the UCS was 
determined to be the indicator to identify the optimal drilling bite depth for different rock materials.  
This algorithm can monitor the drilling efficiency, as well as the bit wear condition.  Therefore, 
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the algorithm can help to keep the drilling operation with the optimum efficiency while 
maintaining the dust generation rate in a lower level and reduce the chances of bit clogging and 
steel buckling events.   
9.2 Research Significance 
The test results obtained in this research provided insights into the dust characteristics of 
roof bolt drilling operation.  Findings can help researchers to locate the hazardous dust source in 
the whole drilling and dust processing process in order to come up with mitigation methods to 
eliminate personnel exposure to those sources.   
The integrated drilling control algorithm can be incorporated into the current roof bolter 
drilling control system.  It can automatically control the drilling parameters to optimize the drilling 
efficiency and reduction of respirable dust.  Drilling safety performance can also be improved at 
the same time.  Since an optimum high drilling bite depth was adapted while drilling, therefore, 
the drilling cycle time can be optimized and bit preservation purpose can also be achieved.   
9.3 Future Study 
This research has proved the approach to significantly reduce respirable dust generation 
through proper control of drilling under lab conditions.  However, underground mine strata can be 
very different from lab condition, there are many factors which could affect the dust generation 
characteristics, one of them is strata moisture content.  Therefore, underground drilling tests are 
needed to further validate this approach.  Drilling dust from each underground roof hole should be 
collected and processed in the same manner in this research.  The particle weight and size 
distribution need to be measured accordingly.  The results could be also useful to develop a safer 
dust box cleaning procedure for the operator to reduce their exposure while maintenance.   
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In this research, the rock material was limited to reinforced concrete and sandstone.  The 
drilling response data for sandstone was not sufficient to calibrate the coefficient for the equation 
of drilling specific energy.  With more test data for drilling with different materials, the drilling 
response mathematical model can be improved.  A dust generation prediction model can be 
established with the data collected from drilling in different materials.  These models can help to 
determine the optimum operation bite depth under varies conditions.   
The effect of bit wear on energy consumption and dust generation was discussed in this 
research.  By applying the optimum drilling bite depth could also have the potential for bit 
preservation benefits.  Bit weight loss or geometry parameters can be used to evaluate the bit wear 
degree after drilling with different bite depth.  Bit design may also have an impact on this matter.  
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